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ABSTRACT. When isolated from central nervous system myelin, myelin basic protein (MBP) exhibits charge
microheterogeneity due to posttranslational deamidation, phosphorylation, and deimination of arginine to
citrulline. These modifications are known to decrease the ability of MBP to aggregate acidic lipid vesicles
and thus could regulate the ability of MBP to mediate adhesion between the intracellular surfaces of
myelin. The effects of salt (KCI) concentration and the protein to lipid ratio on the ability of charge
isomers of MBP to aggregate large unilamellar vesicles (LUVsS) were investigated. Increased salt
concentration from 10 to 100 mM caused increasing aggregation of LUVs by low concentrations of all
charge isomers but did not eliminate the differences in their abilities to aggregate. All isomers were
bound equally up to about 100 mM*Kbut were dissociated at higher'iKconcentrations. The degree of
dissociation increased with increasing net negative charge of the isomer. At high concentrations all charge
isomers except the form in which six arginine residues are converted to citrulline (C8) aggregated LUVs
of phosphatidylcholine/phosphatidylserine (PC/PS) 8:2 (mol/mol) similarly and salt increased the
aggregation to the same degree for all. There was less difference in the ability of the charge isomers,
including C8, to aggregate LUVs with a lipid composition resembling that of the cytoplasmic leaflet of
myelin (Cyt-LUVs) than for PC/PS LUVs. Furthermore, high salt concentrations (400 mM) did not
dissociate any of the charge isomers from the Cyt-LUVs. These results suggest that the reason for inhibition
of aggregating ability by charge modification is not increased charge repulsion of the protein but rather
its reduced multivalency of net positive charge. They indicate further that the lipid composition of the
cytoplasmic leaflet is ideally suited to permit MBP-mediated adhesion and that charge modifications of
MBP would probably not affect adhesion of the intracellular surfaces of compact myelin where MBP
concentration is high. However, charge modifications might affect adhesion in cytoplasm-containing
regions of myelin such as the paranodal loops, where MBP concentration is low and whesedentration

may vary in the range of 6675 mM.

About 30% of the protein of central nervous system (CNS) can aggregate lipid vesicles, especially if they contain acidic
myelin consists of a single protein, myelin basic protein lipids (Smith, 1977; Lampe et al., 1983; Walker & Rumsby,
(MBP).! This is a water-soluble membrane protein which 1985; Cheifetz & Moscarello, 1985; Surewicz et al., 1986;
has been localized to the cytoplasmic side of the myelin ter Beest & Hoekstra, 1993; Jo & Boggs, 1995).
membrane (Omlin et al., 1982; Kirschner & Blaurock, 1992). At low protein to lipid ratios where the vesicles have an
It undoubtedly plays a major role in adhesion of the excess negative charge, MBP-induced aggregation of the
intracellular surfaces of compact multilayered myelin in the vesicles is inhibited by electrostatic double-layer charge
CNS through proteirtprotein and/or proteinlipid interac- repulsion (Cowley et al., 1978) in addition to short-range
tions (Smith, 1977; Golds & Braun, 1978a,b; Readhead et hydration forces (Rand & Parsegian, 1989). Electrostatic
al., 1990). Itinteracts electrostatically with acidic lipids and repulsion can be decreased by addition of salt (NaCl or KCI),

which shields the charge on the vesicles (Jo & Boggs, 1995).
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released into the extracellular space around the nodes ofchromatography at alkaline pH on CM52 as described (Chou
Ranvier during the nerve action potential, as occurs in et al., 1976; Cheifetz et al., 1984). Since C8 could not be
oligodendrocytes (Kettenmann et al., 1983). The use of detected in CM52 fractions of bovine or calf MBP, C8 was
fluorescent dyes whose optical properties are sensitive toisolated from human brain. Human MBP was isolated
changes in membrane potential suggests that this does indeedimilarly from human white matter obtained postmortem
occur in optic nerve preparations (Lev-Ram & Grinvald, from Alzheimer's disease patients and supplied by the
1986). Increased cytosolic’kin the paranodal loops could Canadian Brain Tissue Bank, Toronto, Canada. It was
modulate the ability of MBP to cause adhesion of the fractionated on a CM52 column and the second peak eluting
intracellular surfaces of the loops and regulate their volume. from the CM52 column before application of the salt gradient

Posttranslational modifications to MBP which increase its Was used to purify human C8 by gel-permeation chroma-
negative charge, such as deamidation and phosphorylatiorfography on Sephadex G75 as described (Koshy & Boggs,
(Chou et al., 1976; Deibler et al., 1975; Martenson et al., 1993). Egg -a-phosphatidylcholine (egg PC) was purchased
1983), or which decrease its positive charge by deimination from Sigma (St. Louis, MO). Bovine brairta-phosphati-
of arginine to citrulline (Wood & Moscarello, 1989), may dylserine (PS), bovine brairra-phosphatidylethanolamine
also affect its ability to cause adhesion of the intracellular (PE), bovine liver-a-phosphatidylinositol (PI), and bovine
surfaces of myelin. MBP isolated from myelin exhibits brain sphingomyelin (SM) were obtained from Avanti Polar
charge microheterogeneity due to these modifications. Theselipids, Inc. (Alabaster, AL). Cholesterol (chol) was from
charge isomers are termed €€@8 in order of decreasing  Supelco, Inc. (Bellefonte, PA). Lipids were chromatographi-
positive charge and increasing degree of modification cally pure and were used as suppliedH]Pipalmitoylphos-
(Deibler & Martenson, 1973). C2 differs from C1 primarily ~phatidylcholine (DPPC) (58.0 Ci/mmol) was purchased from
by deamidation, while C3, C4, and C5 differ primarily by Dupont-NEN (Boston, MA).
varying combinations of deamidation and phosphorylation. ~ Preparation of Large Unilamellar VesiclesAliquots of
C8 differs from C1 by deimination of at least 6 of the 19 chloroform solutions of the required lipids were combined
Arg to Cit (Wood & Moscarello, 1989). in the desired mole ratio. In the case of LUVs containing

These modifications may have regulatory effects on MBP the lipid composition estimated to be characteristic of the
function. The phosphate groups of MBP turn over rapidly, cytoplasmic surface of myelin (Cyt-LUVs) by Inouye and
suggesting they play a dynamic role in myelin structure and Kirschner (1988), chol, PE, PS, PC, SM, and Pl were
function (DesJardins & Morell, 1983). Phosphorylation of combined in the mp!e ratio 0.44.03.27.0.13.0.11.0.03.0.02. A
MBP in myelinated optic nerve increases in response to the {faceé amount (kCi in 10 L) of ["H]DPPC was added to
nerve action potential (Murray & Steck, 1984). It also has the lipid mixture in order to quantitate and normalize the
been reported to increase in cultured oligodendrocytes whenliPid concentration of the LUVs after extrusion. The solvent
they adhere to a substratum (Vartainan et al., 1986) andWas removed by evaporation under a stream of nitrogen, and

decrease when the cells are depolarized (Soliven et al., 1994)the lipid was redissolved in 1 mL of benzene, frozen, and

Charge modifications have been shown to decrease thelyophlllzed overnight. Large multilamellar vesicles (MLVSs)

ili iDi i d by hydrating the dry lipid in 20 mM HEPES
ability of MBP to aggregate lipid vesicles and to decrease V' Prepare ar
its ability to form multilamellar structures out of single- buffer (pH 7.4) containing 10 mM KCl and 1 mM EDTA to

layered vesicles under some conditions, as detected by X-ra)i]:’l fma(lj I:)p|d ccinc_entr?glon of 396_0 me' 1';/”‘\/.5 Wtere
diffraction (Cheifetz & Moscarello, 1985; Wood & Mos- tgg]neeratyrg?élﬁaxné% b efrzléspﬁnsa'r?g thoar i ml'g tamé(;or_r:]
carello, 1989; Brady et al., 1981). However, the dependence peratu W y zing wing (10 ti )|

on protein to lipid ratio, lipid composition, and salt concen- 2 ?J?i/b:icfrﬁ'?(t:gr?snr?]e?:kg?aﬁgdsciu?g d;’;{agsat%&;?'\ﬂtg 2':%\':6“
tration has not been investigated. In the present study we 9 y N

investigate these factors. The results indicate that theselgtgszj' LL(J)\:E wer%’p\)lregared W.'th ‘3? Avestin L_|po§[ﬁFasth
posttranslational modifications could affect the ability of extruder ( awa, ) by passing the suspension throug

MBP to cause adhesion in cytosolic regions where its 400 nm pore size polycarbonate filters, followed by 200 nm
concentration is low, such as the paranodal loops, but theypore filters and then by 100 nm pore filters 19 times under
are unlikely to have any effect on this function in compact rr:anudal ffgsurﬁ (MacD%rr:gIdzithal., 1(199%)' Tthe LUVtS \Iivere
myelin where its concentration is high. In these cytosolic storeda until use (within .).an alquols were faxen

regions the ability of all the charge isomers to mediate for phosphorus assay by a modified procedure of Bartlett

adhesion of the intracellular surfaces would likely be (19ASQ). tion A Soluti f unfractionated bovi
regulated similarly by changes in salt concentration. They ggregation Assay Solutions ot uniractionated bovine
further indicate that the decreased ability of these more MBP or purified Ch?‘rge isomers were prepared in distilled
negatively charged isomers to cause aggregation of acidic\t’.\’ater at c%nientrgtmc;wsbof %ﬂt's mg/mL. The1<;o7n70entrz- I
lipid vesicles persisted in the presence of salt, indicating that ion was determined by Peterson assay ( ) and a

it is not directly due to increased charge repulsion by the ;oltunor_]s wef:le %dJUSt?dt. to the Z%amlc\a/l Iilnétllaé:gncerltrgt!on.
protein. Rather, it is more likely due to the reduced otassium chionide solutions in m containing

; o : 1 mM EDTA, adjusted to pH 7.4 with KOH, and containing
multivalency of net positive charge of the protein. a final concentration of KCI of 18410 mM (determined
METHODS AND MATERIALS by flame atomic absor_ption spectrophotometry) were pre-

pared. LUVs were diluted 1/10 with KCI solutions of
Lipids and Protein Bovine myelin basic protein (MBP)  varying concentration, and small aliquots of the protein
was isolated from bovine brain white matter according to solutions containing515ug of protein were added to 0-3
the method of Cheifetz and Moscarello (1985). It was 0.6 umol of lipid in a final volume of 1 mL in a Sarstedt
separated into its charge isomers-@15 by ion-exchange  acryl cuvette (Newton, NC) as described earlier (Jo & Boggs,
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1995). The cuvette was gently inverted twice to mix and 0.250
aggregation was measured 10 min later from the light
scattering at 450 nm with a Hitachi U-2000 spectrophotom-
eter at room temperature. Absorbance of protein-free LUVs
was also measured at different ikoncentrations and usually

subtracted from that of protein-containing LUVs to give 0200

AAbsse  Their absorbance was low and KCI had little effect.
Quantitation of Lipid to Protein Ratio in Aggregated and

Nonaggregated LUVs These procedures were carried out o150

essentially as described earlier (Jo & Boggs, 1995). Briefly,
aggregated LUVs were sedimented and washed by centrifu-
gation at 1000@ for 10 min, the pellet was resuspended in

1 mL of double-distilled water and aliquots were taken for
lipid and protein assay. Nonaggregated LUVs were assayed 0.100-
by first removing aggregated LUVs as described above by
low-speed centrifugation. The supernatant was then centri-
fuged at 95009 in a Beckman L3-50 ultracentrifuge for 2 h

to sediment nonaggregated LUVs, the pellet was resuspended
in 2.5 mL of double-distilled water, and aliquots were taken
for lipid and protein assay. Lipid was quantitated frci]f
DPPC radioactivity using a Beckman LS 6000IC scintillation ry
counter. Protein was assayed by the method of Peterson
(2977). 0.000 r

Effect of K on Aggregation of LUVs at Saturating 0 50 100 150 200 20
Concentrations of MBP Varying amounts (2:34800uQ)

of unfractionated bovine MBP were added to @@0of KCL . 1D q kel ation of absorb tpC/
: P IGURE 1: Dependence on concentration of absorbance o
solution containing 10, 50, or 90 mM'Kin an acryl cuvette. PS 8:2 LUVs in the presence of 0.046 mol % of unfractionated

The background absorbance at 450 nm due to the proteinygp o) or different charge isomers, COJ, C2 (©), C3 (1), C4
was measured at room temperature and subtracted from thagplus in box), and C5 (plus in diamond)AAbs(450) is the

after addition of LUVs. PC/PS 9:1 (mol/mol) LUVs (0.28 difference in absorbance at 450 nm of protein-bound LUVs from
umol) in 200uL of KCI solution was added to the cuvette protein-free LUVs. The latter ranged from 0.070 to 0.077.
and gently inverted to mix. The LUVs had been preequili- 06
brated in 10, 50, and 90 mMKsolution prior to addition.
The absorbance was measured at 450 nm 10 min later at
room temperature. For the charge isomers, 20@f each 0.5
was added to 80@L of either 10 mM K" or 80 mM K*
solution. Background absorbance due to this concentration &
of protein was only 0.030.04. PC/PS 9:1 LUVs (0,8mol) T 04T
L
3

AAbs(450)

0.050- : g

[K*] mM

were added as above. The sample was inverted twice to
mix and the OD at 450 nm was measured at 15 and 25 min
following addition of lipid. The cuvettes were inverted again
before the absorbance was read to obtain a homogeneous
suspension. 0.2

0.3

RESULTS

0.1+
The ability of the charge isomers to cause aggregation of

PC/PS 8:2 (mol/mol) LUVs at different Kconcentrations

was compared at two protein to lipid ratios, 0.046 and 0.23 0 —— 17T
mol % protein (Figures 1 and 2, respectively). In both cases 0 20 40 60 80 100 120 140 160 180 200 220
the negatively charged lipid is in excess relative to the [K+]mM

number of positively charged residues of the protein, 450 Figure2: Dependence on KCI concentration of absorbance of PC/

PS/MBP (mol/mol) and 86 PS/MBP (mol/mol), respectively. PS 8:2 LUVs in the presence of 0.23 mol % of different charge

Since C1, the most positively charged isomer, has only 31 isomers, C1¢),C2 (0), C3 (), C4 (plus in box), C54), and C8

positively charged residues at neutral pH (and a net charge(®): AADS(450) is the difference in absorbance at 450 nm of
f . S protein-bound LUVs from protein-free LUVs. The latter ranged

of +20), it cannot neutralize all of the charged lipid even at .m0 064 to 0.070.

the lower PS to protein ratio. Therefore, as found previously

with MBP containing a mixture of isomers, none of the However, addition of salt does not allow all of the charge

individual isomers could cause much aggregation at low saltisomers to aggregate the vesicles to an equal extent,

concentrations (Jo & Boggs, 1995). Salt shields the chargeespecially at the high lipid to protein ratio. The maximum

of the lipid, allowing the vesicles to come closer together aggregation at K concentrations of 56100 mM was

so that the bound proteins can overcome the repulsivegreatest for C1 and decreased in the order>-CC2 > C3

hydration forces and cause aggregation of the vesicles.> C4 > C5 at 0.046 mol % protein (Figure 1). The rate of
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Ficure 3: Time course of increase in absorbance of PC/PS 8:2
LUVs in the presence of 0.15 mol % CL)Y and C5 ©) at 90
mM K*. The background absorbance of protein-free LUVS of 0.1
0.085 has been subtracted to gikébs(450). The protein was T ld
added immediately before measurement of absorbance at 0 time.
Table 1: KCI Concentration Required To Cause Aggregation of 0 T T T T
PC/PS 4:1 (mol/mol) Vesicles by Charge Isomers of MBP and 0 100 0 300 400 500
Amount of Protein Bound to Lipid [K+]) (mM)

[K*]s [K*]s0” [K*]s0° mol % MBP FicURe 4: Dependence on KCI concentration of absorbance of Cyt-
protein (mM) (mM) (mM) bound LUVs in the presence of 0.23 mol % of different charge isomers,
mixture 43 0.17 C1l (©), C2 (0), C3 (»), C4 (plus in box), C5¢), and C8 @).
c1 40 19 12.5 0.15 AAbs(450) is the difference in absorbance at 450 nm of protein-
c2 43 19 125 0.16 bound LUVs from protein-free LUVs. The latter ranged from
c3 44 19 125 0.14 0.070-0.085.

Cc4 45 23 15 0.17
C5 45 23 15 0.16 sharply for the more modified isomers, C4, C5, and C8, than
cs nd 25 20 nd for C1, C2, and C3, suggesting that salt caused greater

2 Determined at 0.046 mol % of each protein added to PC/PS 8:2 dissociation of the less positively charged isomers.

LUVs. b Determined at 0.23 mol % of each isomer added to PC/PS H f icl ith a lioid iti th ht
8:2 LUVs. ¢ Determined at 0.23 mol % of each isomer added to-Cyt owever, Or_ VQSIC es VY' a lipid composition 0‘,"9
LUVs. 9 Determined at an initial concentration of 0.20 mol % protein  t0 be characteristic of the intracellular surface of myelin, as
and a K" concentration of 90 mMe Binding not determined for C8 in  estimated by Inouye and Kirshner (1988), containing 15 mol
this lse)riers]_ Hov_ve_\_/elr, in another stfudy (E_Bogfgi 7et a:-a/unpubgzh%d % acidic lipid (Cyt-LUVs), the degree of aggregation caused
results) when an initial concentration of protein of 1.7 mol % was added, 0 ;
0.91 mol % C1 and 0.87 mol % C8 were found bound to PC/PS 4:1 by C8 (also at 0.23 mol % prot_eln) was much closer to that
of the other charge isomers (Figures 4 and 5), although the

vesicles in 10 mM NaCl. nd, not determined. 4 ; _
amount of K required to induce aggregation by C8 was

aggregation was similar as shown for C1 and C5 at 90 mM Significantly greater than for C1 (Table 1, column 4).
K+ (Figure 3). The effect of unfractionated MBP at the high Increased K concentration up to 410 mM did not cause a
lipid to protein ratio was in between that of C4 and C5, Significant decrease in aggregation for any of the charge
indicating that its effect was dominated by the more modified iSomers, indicating that it did not cause their dissociation
isomers (including C8) even though C1 is the predominant from this lipid mixture despite their reduced net positive
charge isomer in the mixture. The amount of kequired charge. This difference from the behavior of PC/PS vesicles
to permit significant aggregation by the isomers, as indicated IS €specially dramatic for C8. The small decrease in
by the concentration at which 50% of the maximum absorbance in Figure 4 between 110 and 210 mMfdt
aggregation occurred, [Hso, increased a little in the same  C1—C5 was not seen in our earlier study with unfractionated
order (Table 1, column 2). MBP, or in Figure 5 with C1 and C8, and may be due to
At the higher protein concentration (0.23 mol %), all formation of a smaller number of larger aggregates in the
charge isomers caused greater aggregation of PC/PS vesicle@xperiment shown in Figure 4. We showed earlier that the
and there was less difference in their ability to aggregate @ggregation caused by unfractionated MBP was reversible
(Figure 2). In fact C1, C2, and C3 caused identical On lowering the K concentration, indicating that significant

aggregation. However, C4 and C5 caused less aggregatioriusion had not occurred under these conditions (Jo & Boggs,
than C1, C2, and C3 and required a little highet K 1995). As the concentration of C8 was lowered from 0.31

concentration to do so (Table 1, column 3). Furthermore, &nd 0.10 mol %, however, it caused much less aggregation
C8, which was also included in the comparison at this protein of Cyt-LUVs (Figure 5), in contrast to earlier results with
concentration, caused much less aggregation of PC/PSunfractionated MBP, which aggregated Cyt-LUVs to a
vesicles than the other isomers. The amount of each isomeSimilar extent (at 200 mM K) down to protein concentra-
bound to the lipid at 90 mM Kwas similar (Table 1, column  tions of 0.042 mol % (Jo & Boggs, 1995).

5). The decrease in aggregation at ¢oncentrations above If enough MBP is added to the vesicles to saturate all of
100-150 mM was shown earlier to be due to dissociation the acidic lipid, aggregation should occur even at low salt
of the protein from the lipid (Jo & Boggs, 1995). However, concentrations. Figure 6 (curve 1) shows that this is the case.
at these K concentrations, the absorbance decreased morePC vesicles containing only 10 mol % PS were used in order
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’ Ficure 7: Absorbance of PC/PS 9:1 LUVs in the presence of a
saturating concentration, 3.7 mol %, of charged isomers C1, C2,
C3, C4, and C5 in 10 mM K (dotted bars) and 80 mM K(dark
0.200 bars) after 15 min. Values were similar after 25 min. Samples
were inverted to mix right before measurement of absorbance.
Background absorbance of protein solutions before addition of
0.100- LUVs was 0.032-0.038.
uted by the protein, as well as allow lower MBP concentra-
0.000 tions to cause maximal aggregation by shielding the charge
0 50 100 150 200 - 250 due to unbound lipid. A further increase to 90 mM K
caused no further aggregation, although it increased the MBP
(K+1mM concentration required to induce aggregation. This was

Ficure 5: Dependence on KCl concentration of absorbance of Cyt- Probably due to increased dissociation of MBP from the lipid,
LUVs in the presence of 0.31 mol % Cm), 0.31 mol % C8 ¢), which occurs at a lower K concentration for vesicles
0.15 mol % C8 ©), and 0.10 mol % C84). AAbs(450) is the containing only 10 mol % PS compared to 20 mol % (Jo &
difference in absorbance at 450 nm of protein-bound LUVs from Boggs, 1995).
protein-free LUVs. The latter ranged from 0.070 to 0.085. The negative charge contributed by the protein is greater
0800 for the more highly modified charge isomers -©25. In
order to determine if this accounts for the decreased ability
of these isomers to cause aggregation, their ability to
aggregate PC/PS 9:1 vesicles at a ratio of MBP positively
charged residues to PS molecules of 11:1, in excess of the
saturating concentration, was compared at 10 and 80 mM
K*. The results show that all five charge isomers caused
nearly identical aggregation at this saturating concentration
and that 80 mM K increased the degree of aggregation
almost to the same extent for all five isomers (Figure 7).
Thus increased charge repulsion due to increased negative
charge on the protein with increasing modification is
probably not a factor in the decreased ability of the charge

_ isomers C+C5 to cause aggregation at higher lipid to
Ficure 6: Dependence of absorbance on amount of unfractionated protein ratios

MBP added to 0.2&mol of PC/PS 9:1 LUVs in 1 mL of 10 mM ’

K* (d) (curve 1), 50 mM K (<) (curve 2), and 90 mM K (O)

(curve 3). The background absorbance of MBP solutions before DISCUSSION

addition of LUVs has been subtracted to giébs(450). Addition of salt allowed all MBP charge isomers to
to reduce the amount of MBP required to cause saturation.aggregate acidic lipid vesicles at high lipid to protein ratios
Maximum aggregation occurred on addition of aboup®0  where the vesicles have a negative charge, as found earlier
of MBP to 0.28umol of lipid, a mole ratio of PS to MBP of  for an unfractionated mixture of MBP isomers (Jo & Boggs,
25, nearly equal to the number of positively charged residues1995). Increasing net negative charge of MBP due to
of MBP. Addition of much higher amounts of MBP did deamidation, phosphorylation, or deimination decreased its
not cause dissociation of the vesicles as shown earlier byability to aggregate acidic lipid vesicles of PC/PS 8:2 as
Lampe et al. (1983). Even if the acidic lipid is completely reported earlier (Cheifetz & Moscarello, 1985; Wood &
neutralized by binding to basic residues of MBP at saturation Moscarello, 1989). However, we show here that the differ-
of the lipid, the vesicles will have a net negative surface ences in aggregation were greatest at high lipid to protein
charge due to the negative residues of MBP (11 per moleratios. The charge of MBP has less effect as the protein to
for C1 at neutral pH). Addition of 50 mM K (Figure 6, lipid ratio increased, and at saturating concentrations of
curve 2) was able to increase the maximum aggregation atprotein, the charge isomers €C5 aggregated similarly. The
saturating conditions due to shielding of the charge contrib- effect of decreasing positive charge in C8 on aggregation at

0.700

0.600

AAbs(450)

pg protein
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saturating conditions was not measured, but at an intermedi-and C5 all contain a mixture of phosphorylated and deami-
ate protein to lipid ratio, C8 with a net positive charge of 14 dated species), Cheifetz and Moscarello (1984) have shown
aggregated much less well than C5 with a net positive chargethat in vitro phosphorylation of bovine C1 and C2 with 1.5
of 16. Thus a decrease in the total number of positive 1.6 mol of phosphate/mol of MBP reduced their ability to
residues had a greater effect on the aggregating ability thanaggregate. Furthermore, in their study, removal of the two
a decrease in the net positive charge caused by an increas€-terminal arginines had a similar effect as addition of 1
in the number of negatively charged residues. mol of phosphate. These facts favor mechanisms (i) and
These results suggest that increasing negative charge duéi). If mechanisms (iii) and (iv) were involved, the effect
to deamidation or phosphorylation should have little effect of the modification would be expected to depend more on
on the ability of MBP to maintain adhesion of myelin layers the type of modification as well as on the location of the
in compact myelin where its concentration is high. Although sites modified.
C8 caused significantly less adhesion of PC/PS 8:2 vesicles (i) Decreased Binding Increased charge modification did
than the other charge isomers at a moderate concentrationnot decrease binding of MBP to PC/PS vesicles up to 90
it aggregated vesicles with a lipid composition thought to mM K*. However, MBP could cause aggregation as a
be similar to that of the intracellular surfaces of myelin monomer if a second site on the protein binds to another
almost as well as the other charge isomers. However, thesevesicle. Increased charge modification might decrease
modifications had a greater effect at lower protein concentra- binding of this second site by decreasing the multivalency
tions and thus could have an effect in cytosolic regions of of net positive charge of the protein. Phosphorylation or
myelin such as the paranodal loops where MBP concentrationreplacement of neutral residues with acidic ones in peptides
is low. In those regions, these modifications may regulate containing a number of basic residues has been found to
the ability of MBP to cause adhesion of the intracellular significantly reduce the binding affinity of the peptides to
surfaces and thus regulate the volume of these cytosolicacidic lipid vesicles (Kim et al., 1994). The MBP charge
regions. Changes in cytoplasmic salt concentration as aisomers were dissociated more easily by higher salt concen-
result of nerve activity could exert an additional regulatory tration as their net positive charge decreased. Although MBP
role on all charge isomers. can be phosphorylated on a number of sites using different
The intracellular myelin lipids also differed from PC/PS kinases in vitro, when isolated from bovine myelin it is
8:2 in that none of the charge isomers including C8 were obtained phosphorylated mainly on Thr 97 and Ser 164 and
dissociated from the lipid at high KCI concentrations despite deamidated mostly at GIn 102 and 146 (Chou et al., 1976).
the fact that this mixture has only 15 mol % acidic lipid in C8 is deiminated at two Arg in the N-terminal half and four
contrast to 20 mol % for the PC/PS mixture. Since C8 has Arg in the C-terminal half. Thus most of the modifications
a net positive charge of only 14 in contrast to 20 for C1, in the charge isomers isolated from bovine myelin (human
this supports our earlier suggestion that MBP may interact for C8) occur in the C-terminal half. Both halves in C1 have
with this lipid mixture by hydrogen-bonding and hydrophobic an equal distribution of positively charged residues. If both
interactions in addition to electrostatic interactions (Jo & the N- and C-terminal halves bind independently to lipid
Boggs, 1995). In that study we showed that both PE and vesicles, these modifications could affect interaction of the
cholesterol in the mixture were necessary to cause the uniqueC-terminal half with a second vesicle without affecting MBP
interaction of MBP with this liquid mixture. Thus the binding via the N-terminal half. Thus a reduction in the net
intracellular myelin membrane appears to have an ideal lipid positive charge accounts for the decreased ability of MBP
composition to permit adhesion to these surfaces by all charge isomers to cause aggregation. Reduced positive
charge isomers of MBP. charge multivalency can occur due either to a reduction in
The decreased ability of MBP to mediate adhesion of PC/ the net positive charge caused by modification of the protein
PS bilayers with increasing charge modification of the with negatively charged groups or to a reduction in the
protein, at lower protein concentrations, could be due to number of positively charged groups by conversion to neutral
several mechanisms: (i) reduced binding due to reducedgroups. The latter would be expected to have more effect;
multivalency of net positive charge, (ii) increased charge this is supported by the fact that C8 caused less aggregation
repulsion of the vesicles contributed by negatively charged than C5. Reduced interaction of the C-terminal half with
sites on the protein, (iii) a conformational change, or (iv) other vesicles could be overcome by an increase in protein
steric hindrance by the modifying group, especially phos- concentration which would contribute more cross-links to
phate. The possible involvement of some of these dependsstabilize the aggregate.
on whether MBP causes adhesion as a monomer or a dimer. (ii) Charge Repulsion The increased negative charge of
The latter is supported but not proven by the fact that the modified isomers could cause increased charge repulsion
aggregation is not inhibited at high MBP concentrations well of the vesicles, thus inhibiting aggregation. However, the
above those necessary to saturate all binding sites on thancreased charge of the vesicles due to the protein could be
vesicles. However, this fact does not rule out aggregation shielded by salt and the charge modification should have
by monomers since a monomer of MBP bound to one vesicle little effect unless it is at a site directly involved in cross-
may be displaced by exchange with a second binding sitelinking of bilayers. In that case, only certain modifications
on a monomer bound to another vesicle, resulting in cross-should have an effect. At high lipid to protein ratios,
linking of the two vesicles by a monomer. aggregation still decreased with increasing net negative
Inhibition of aggregation increased with increasing net charge of the isomers even at-5000 mM K*, where the
negative charge of the protein regardless of the type of negative charge contributed by the lipid is shielded. Under
modification, deamidation, phosphorylation, or deimination, saturating conditions, where all the negative charge due to
or the sites modified. Although no isomer containing 1 mol the acidic lipid is neutralized by basic residues of the protein,
of phosphate/mol of MBP was used in this study (C3, C4, increased K concentration did allow increased aggregation
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by MBP, indicating that it shielded the negative charge Deibler, G. E., & Martenson, R. E. (1973) Biol. Chem 248
contributed to the vesicles by the acidic residues of the _2392-2396.

: : - Deibler, G. E., Martenson, R. E., Kramer, A. J., Kies, M. W., &
protein. However, all charge isomers of MBP caused similar Miyamoto, E. (1975). Biol. Chem 250, 79317938,

aggregation even without salt under these conditions. ThUSDeibler, G.E., Stone, A. L., & Kies, M. W. (199®roteins: Struct
increased charge repulsion due to the modifications is not Funct, Genet 7, 32—40.

likely to be a factor in their inhibitory effect on MBP-induced DesJardins, K. C., & Morell, P. (1983) Cell Biol. 97, 438-446.
aggregation. Golds, E. E., & Braun, P. E. (19784d) Biol. Chem 253 8162~

. . 8170.
(iii) Conformational Change A conformational change Golds, E. E., & Braun, P. E. (19788) Biol. Chem 253 8171

resulting from the modification could be a factor in reduced  g177.
aggregating ability regardless of whether a monomer or dimer Inouye, H., & Kirshner, D. A. (1988Biophys J. 53, 247—260.
is involved. Conformation would probably not be affected JO. E., & Boggs, J. M. (1993iochemistry 3413705-13716.

by salt concentration over the range studied according to aKegegé“Oi’%%SH” Sonnhof, L., & Schachner, M. (1983jeurosa

study based on the tryptophan fluorescence of MBP in iy 3 Blackshear, P. J., Johnson, J. D., & McLaughlin, S. (1994)
solution (Nowak & Berman, 1991). However, there is no  Biophys J. 67, 227-237.
correlation between the effect of phosphorylation and dea- Kirschner, D. A., & Blaurock, A. E. (1992) iMyelin: Biology

midation on the secondary structure (Ramwani et al., 1989; gg‘gacgggirft%(ﬂ\"a"enson’ R. E., Ed.) pp-178, CRC Press,
Deibler et al., 1990) and its aggregating ability. Furthermore, Koshy, K. M., ) Béggs, J. M. (1993)\nal. Biochem 208, 375

it is unlikely that C-terminal arginine removal would have 381,
any effect on the secondary structure, yet it decreases theLampe, P. D., Wei, G. J., & Nelsestuen, G. L. (1988 chemistry
cross-linking ability. 22, 1594-1599.

(iv) Steric Hindrance If MBP causes aggregation by LegéRggwél\i .égLSgrinvald,A. (1986proc. Natl. Acad Sci U.SA.
dimerization, inhibition of aggregation by phosphorylation Mac,’jonam, R C.', MacDonald, R. I.. Menco, B. P. M., Takeshita,

could be caused by steric hindrance of dimerization due to K., Subbarao, N. K., & Hu, L. (1991Biochim Biophys Acta
binding of a phosphate group to the dimerization site. This 1061 297303. _ _
would not be affected by salt concentration, but other Martenson, R. E., Law, M. J., & Deibler, G. E. (1983)Biol.

e . Chem 258, 930-937.
modifications at other sites would not be expected to have Mayer, L. D., Hope, M. J., Cullis, P. R., & Janoff, A. S. (1985)

the same effect. Biochim Biophys Acta 817 193-196.
Thus the inability of increased salt concentration to Murray, N. I., & Steck, A. J. (1984). Neurochem43, 243-248.

overcome the decreased ability of different charge isomers NO%%IE M. W., & Berman, H. A. (1991Biochemistry 307642~

tp agg.reg_afte vesicles and the fact that a varllety Of. modifica- Omlin, F. X., Webster, H. deF., Palkovits, C. G., & Cohen, S. R.
tions inhibit aggregation supports mechanism (i) for the (1982)J. Cell. Biol. 95, 242-248.

mechanism of effect of the charge modifications. It also peterson, G. L. (1977Anal. Biochem 83, 346-356.

favors the idea that the protein mediates aggregation as aRaine, C. S. (1977) iMyelin (Morell, P., Ed.) pp +49, Plenum

monomer rather than as a dimer. Press, New York.

Ramwani, J. J., Epand, R. M., & Moscarello, M. A. (1989)
Biochemistry 286538-6543.
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