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Hydrophobic and Electrostatic Interactions of Myelin Basic Protein with
Lipid. Participation of N-Terminal and C-Terminal Portions'

Joan M. Boggs,* D. Denise Wood, and Mario A. Moscarello

ABSTRACT: The basic protein of myelin may be involved in
association of the cytoplasmic surfaces of myelin by a bridging
mechanism whereby the N-terminal half of the protein binds
to one surface and the C-terminal half binds to the opposing
surface. The feasibility of this mechanism was investigated
by studying the ability of the N-terminal and C-terminal
fragments, prepared by cleavage of the protein at the tryp-
tophanyl residue 116, to interact both electrostatically and
hydrophobically with bilayers of acidic lipids. Electrostatic
and hydrophobic interactions were monitored from the effect
of the protein and fragments on the phase transition tem-
perature and fatty acid spin-label motion in different regions
of the bilayer and from their ability to competitively inhibit
Mn?* binding to the lipid. Comparison with the effects of
polylysine, divalent cations, and protonation (charge neu-
tralization) of the lipid helped to assess the contribution of both
hydrophobic and electrostatic interactions to the effect of basic

’Ele forces which induce and maintain the multilamellar
structure of myelin are not yet understood. Electron mi-
croscopy of myelin in hypotonic solutions indicates that the
cytoplasmic regions in myelin are more closely and more
tightly associated than the extracellular surfaces (MclIntosh
& Robertson, 1976). The basic protein of myelin is thought
to be located exclusively on the cytoplasmic side of the mem-
brane (Adams et al., 1971; Herndon et al., 1973; Poduslo &
Braun, 1975; Golds & Braun, 1976; Crang & Rumsby, 1977)
and may be responsible for this tight association of the cyto-
plasmic surfaces.

The mechanism of this association may be through di-
merization of basic protein monomers bound to adjacent la-
mellae (Golds & Braun, 1978a,b; Smith & MacDonald, 1979;
Smith, 1980) or, alternatively, through interlamellar inter-
action by a monomer of basic protein. A triproline segment
almost in the middle of the sequénce of basic protein (Brostoff
& Eylar, 1971) must lead to a bend at this point, effectively
dividing the molecule into two equal segments. Evidence for
structured regions in the sequence near the triproline segment
has been found by NMR spectroscopy (Chapman & Moore,
1976, 1978; Littlemore, 1978). The structure of the remainder
of the protein in solution may be largely random coil (Epand
et al., 1974; Krigbaum & Hsu, 1975; Martenson, 1978), but
interaction with lipid induces a-helical and B structure (An-
thony & Moscarello, 1971; Keniry & Smith, 1979). Inter-
lamellar interaction of each of the segments on either side of
the triproline sequence with opposing myelin lamellae would
be an effective and nonrandom mechanism for bridging and
associating the two surfaces.

It is necessary to understand how both halves of the protein
interact with lipid to establish the feasibility of this mechanism.
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protein and its fragments on the lipid. Both fragments, the
N-terminal two-thirds and the C-terminal one-third, and the
intact protein had a qualitatively similar effect on the lipid-
phase transition temperature, and fatty acid chain packing
suggesting that they interact hydrophobically with lipid in a
similar way. The C-terminal fragment had quantitatively less
effect, however. The amount of lipid protected from Mn?**
binding by the intact protein, N-terminal fragment, and C-
terminal fragment was 26 & 5, 17 & 3, and 11 % 1.5 molecules
of lipid per molecule of protein, respectively. Since the number
of positively charged amino acids per mole of protein at pH
7.4 is 31, 20, and 11, respectively, this suggests that nearly
al] of these residues participate in binding to acidic lipid head
groups. It is therefore possible for each half of the protein
to bind to opposing lipid bilayers or cytoplasmic surfaces in
myelin through similar hydrophobic and electrostatic inter-
actions, suggesting that a bridging mechanism is quite possible.

Basic protein can be conveniently cleaved with 2-(2-nitro-
phenylsulfenyl)-3-methyl-3’-bromoindolenine (BNPS-skatole)"
at the single tryptophanyl residue at position 116, not far from
the triproline sequence and the postulated bend, yielding a
large N-terminal fragment, residues 1-116 (F-1), and a
smaller C-terminal fragment, residues 117-170 (F-2). A study
of the interaction of these fragments with lipid vesicles can
help to understand the contribution of both halves of the intact
protein. Previous studies with these fragments have led to the
impression that the two halves of the protein do not interact
in the same way with lipid (London et al., 1973; Jones &
Rumsby, 1977).

The interaction of basic protein with lipid is complex since
it appears to interact both electrostatically and hydrophobi-
cally. Itis highly charged with 19% positively charged amino
acids at pH 7.4 and interacts primarily with acidic lipids
(Palmer & Dawson, 1969; Demel et al., 1973; London et al.,
1973). However, inspection of the sequence of basic protein
reveals the presence of 52% apolar and/or hydrophobic amino
acids distributed throughout its sequence in 14 segments of
4-9 amino acids in length (Eylar et al., 1971; Boggs &
Moscarello, 1978a). There is abundant evidence that, once
electrostatic interaction has occurred, this protein also can
interact hydrophobically with the lipid fatty acid chains,
possibly by penetration of the hydrophobic segments into the
bilayer and /or deformation of the bilayer (Gould & London,
1972; Papahadjopoulos, et al., 1973, 1975; Demel et al., 1973;
London & Vossenberg, 1973; London et al., 1973; Boggs &
Moscarello, 1978b; Boggs et al., 1980).

A study of the interaction of the N- and C-terminal frag-
ments with lipid monolayers led to the conclusion that the
N-terminal fragment interacted hydrophobically with lipid to
a greater extent than the C-terminal fragment (London et al.,

! Abbreviations used: BNPS-skatole, 2-(2-nitrophenylsulfenyl)-3-
methyl-3’-bromoindolenine; ESR, electron spin resonance; F-1, N-ter-
minal fragment; F-2, C-terminal fragment; Hepes, N-2-(hydroxy-
ethyl)-N"-2-ethanesulfonic acid; DSC, differential scanning calorimetry.

0006-2960/81/0420-1065%801.25/0 © 1981 American Chemical Society



1066 BIOCHEMISTRY

1973) while a study of their interaction with lipids in a biphasic
solvent system led to the conclusion that the sites for ionic
interaction of the intact protein with lipid were located in the
C-terminal region (Jones & Rumsby, 1977). On the basis of
these studies, a model for interlamellar association in myelin
with the N-terminal half of basic protein interacting hydro-
phobically with one myelin cytoplasmic surface and the C-
terminal half interacting electrostatically with an adjacent
cytoplasmic surface was derived (Rumsby & Crang, 1977).
However, the basic and hydrophobic residues are distributed
fairly evenly throughout the sequence, and indeed there are
a nearly equal number of positively charged residues and
hydrophobic segments of 5 or more amino acids on each side
of the triproline sequence, suggesting that both halves should
interact similarly with lipid.

The ability of the intact protein and its two fragments,
formed by cleavage with BNPS-skatole, to interact hydro-
phobically and electrostatically with lipid has been reinves-
tigated in the present study. The contribution of hydrophobic
interaction to the effect of the protein on lipid organization
has been assessed by comparing the effects of basic protein
and its fragments with the effects of polylysine, lipid proton-
ation, and lipid complexation by Ca®* or Mg?* on the lipid-
phase transition temperature and motion of fatty acid spin-
labels intercalated into the lipid bilayer. The number of
positively charged residues which can interact electrostatically
with lipid has been measured by determination of the ability
of the intact protein and its fragments to prevent the para-
magnetic ion Mn?* from binding to the lipid, using ESR
spectroscopy to determine free Mn?* concentration.

Materials and Methods

Preparation of Basic Protein. Myelin was isolated from
normal human white matter and basic protein extracted from
it by the method of Lowden et al. (1966). The protein was
stored in the lyophilized form.

Cleavage of Basic Protein. Cleavage of the basic protein
at the tryptophanyl residue using BNPS-skatole was carried
out by the method of Martenson et al. (1975) with minor
modifications. To 50 mg of basic protein in 75% acetic acid
were added 280 umol of BNPS-skatole and 400 umol of excess
tyrosine (endogenous tyrosine was 11.3 umol). The reaction
was carried out at 37 °C for 24 h. Reduction of the methi-
onine side chains, which are partially oxidized during the
cleavage, was accomplished by reacting the mixture with
B-mercaptoethanol (0.3M) for 5 h at 37 °C. The reaction
mixture was extracted with ethyl acetate to remove excess
reagent. For precipitation of the peptide fragments, 10 vol-
umes of cold acetone was added to the aqueous phase. The
resulting precipitate was taken up in 0.01 N HCl and applied
to a Sephadex G-75 (superfine) column (2.5 X 80 cm)
equilibrated with 0.01 N HCl. The peptide fragments F-1 and
F-2 which were eluted from the column were further purified
by rechromatography on the same Sephadex G-75 column.
After neutralization, the fragments were lyophilized and then
desalted on a Bio-Gel P2 column. Amino acid analyses of the
fragments were performed after hydrolysis in 5.7 N HCI 18
h at 110 °C and gave the predicted compositions.

Phosphatidic acid and phosphatidylglycerol prepared from
egg phosphatidylcholine, phosphatidylserine, dimyristoyl-
phosphatidic acid, and dipalmitoylphosphatidylglycerol were
generous gifts from Dr. D. Papahadjopoulos, University of
California Medical School, San Francisco. Egg phosphati-
dylethanolamine was isolated by the method of Hanahan et
al. (1957). Cerebroside sulfate was purchased from Supelco
(Bellefonte, PA). The lipids were chromatographically pure
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and were stored in chloroform under N, in sealed ampules at
-20 °C.

The fatty acid spin-labels, 5-S-SL [I(12, 3)] and 16-S-SL
[1(1,14)] were purchased from Syva (Palo Alto, CA).

CHa—(CH)n~—C—(CH_), —COOH
o —0

1(mn)

Polylysine (type VI, M, 13000) was purchased from Sigma.
BNPS-skatole was purchased from Pierce, N-(2-hydroxy-
ethyl)-N"“2-ethansulfonic acid (Hepes) was obtained from
Calbiochem. MnCl,4H,0 was purchased from Fisher Sci-
entific.

Preparation of Vesicles. The vesicles containing basic
protein, fragments F-1 and F-2, or polylysine, to be used for
differential scanning calorimetry (DSC) or labeling with a
fatty acid spin-label, were prepared by suspending the dry lipid
in buffer by vortex shaking, usually 2 mg/0.5 mL, at room
temperature for phosphatidylglycerol and phosphatidic acid,
45 °C for dipalmitoylphosphatidylglycerol, and 55 °C for
dimyristoylphosphatidic acid. The protein or fragments were
then added in 0.5-mL buffer, and the sample was vortexed for
an additional 10 min at the appropriate temperature. The
buffer contained NaCl (10 mM), Hepes (2 mM), and EDTA
(.1 mM) (except when divalent cations were used) adjusted
to pH 7.4. Dipalmitoylphosphatidylglycerol was protonated
by dispersing the lipid in 10 mM NaCl at pH 2. For studies
of the effect of the divalent cations Mg?* and Ca?*, an excess
of cation (lipid to cation mole ratio = 1:2) was added so that
the final concentration of cation was 20 mM. The resulting
precipitates were sedimented by centrifugation at 13000g at
room temperature for 5 min and the pellets were used for
calorimetry or spin-labeling. The pellets were washed and the
lipid to protein ratio was determined. The supernatants were
saved for analysis of lipid and protein. The lipid was deter-
mined by phosphorus analysis by a modified Bartlett (1959)
procedure. Protein content was analysed by amino acid
analysis on 2 Durrum D-500 amino acid analyzer, after hy-
drolysis with 5.7 N HCI for 19 h at 110 °C.

The vesicles to be used for Mn?* binding were prepared by
sonicating the lipid (10 umol/mL}) in Hepes buffer, pH 7.4,
without EDTA, until the suspensions were opalescent. The
vesicles were sonicated at room temperature for phosphatidic
acid, phosphatidylglycerol, and phosphatidylserine and at 55
°C for cerebroside sulfate. Phosphatidylethanolamine was
sonicated at pH 9.0 in borate buffer containing 10 mM NaCl
according to the method of Stollery et al. (1978). The
phosphatidylethanolamine vesicles were then dialyzed against
the Hepes buffer at pH 7.4 for 2 h. Protein solutions were
made up containing 0.5 umol/mL in the Hepes buffer. A stock
solution of 0.1 M MnCl, was made up in distilled water.

The protein and Mn?* solutions were mixed together and
adjusted to a final volume of 105 uL. The lipid solution (50
uL) was then added and the samples were sonicated in a bath
sonicator for 20 min at room temperature to allow access of
Mn?* and protein to the inside of the vesicles. In some cases
the order of addition of lipid, Mn?* and protein was changed,
but this made no difference. Aliquots of the lipid solution were
taken for phosphorus analysis and of the protein solution for
amino acid analysis and the final ratios of lipid to protein were
adjusted. The final concentrations of Mn?* varied from 1.6
mM to 20 mM and the final lipid concentration was 3.2 mM.
Samples were taken up in 50-uL micropipets for ESR mea-
surement of the signal due to Mn?* free in solution. Mn?*



INTERACTIONS OF MYELIN BASIC PROTEIN

T Y T T T T T T

HEAT FLOW

20 3 40 50 40 30 20 10
TEMPERATURE (C)

FIGURE 1: Differential scanning calorimetric thermograms of di-
palmitoylphosphatidylglycerol vesicles obtained by heating (a—d) and
cooling (e-h) at 10 °C/min. (a, ¢) Lipid only; (b, f) with 37.6% basic
protein; (c, g) with 43% F-1; (d, h) with 32.29% F-2. There is normaily
9-10 °C hysteresis in the T, between heating and cooling at a rate
of 10 °C/min. The dashed line indicates the T, of the pure lipid on
cooling and heating. The effect of the proteins is similar at slower
heating rates, but the exothermic peak for F-2 on heating (d) is more
apparent at a slower rate, 2.5 °C/min (not shown).

which is bound to the vesicles does not interfere with the much
more intense signal of Mn?* free in solution (Galla & Sack-
mann, 1975; Puskin, 1977). A standard curve of Mn?* con-
centration vs. ESR signal height was obtained by using known
concentrations of Mn?*.

Differential Scanning Calorimetry. Samples were run on
a Perkin-Elmer DSC-2 at heating or cooling rates of S or 10
°C/min. Slower cooling rates gave similar results.

Electron Spin Resonance Measurements. The vesicles were
labeled with fatty acid spin-labels and the motional parameter,
19, and order parameter, S, where S = (T~ T )/ (T, — T.,)
of the fatty acid spin-labels, was measured as described earlier
(Boggs & Moscarello, 1978b) on a Varian E-4 spectrometer
at 37 °C. T was also used as a measure of motion of the
probe. The Mn?* signal was measured at room temperature.
Free Mn?* in the vesicle suspensions was determined by
measuring the height of one of the Mn?* ESR peaks and
obtaining the concentration from the standard curve measured
under the same conditions.

Results

Effect of Proteins, Divalent Cations, and Protonation on
Lipid-Phase Transition. The effect of the intact basic protein
on the phase transition temperature of dipalmitoyl-
phosphatidylglycerol and dimyristoylphosphatidic acid is shown
in Figures 1 and 2. As reported earlier, basic protein decreases
the phase transition temperature, 7, of both of these lipids
(Figure 1b,f, Figure 2b—d,h~j), which was interpreted to in-
dicate hydrophobic interaction of the protein with the lipid
(Papahadjopoulos et al., 1975; Boggs & Moscarello, 1978b).
In contrast, 25% polylysine increases the phase transition
temperature of dipalmitoylphosphatidylglycerol by 7 °C in
agreement with a study by Papahadjopoulos et al. (1975) and
of dimyristoylphosphatidic acid by 19 °C as indicated in Figure

VOL. 20, NO. 5, 1981 1067

HEAT FLOW

0 50 60 50 40 30
TEMPERATURE ('C)
FIGURE 2: Differential scanning calorimetric thermograms of di-
myristoylphosphatidic acid vesicles obtained by heating (a—f) and
cooling (g-1) at 10 °C/min. (a, g) Lipid only; (b, h) with 15.6%
basic protein; (c, i) with 27.4% basic protein; (d, j) with 40.1% basic
protein; (e, k) with 38.7% F-1; (f, 1) with 24.2% F-2. Other details
as for Figure 1.

8_

Table I: Effect of Proteins, Mg?*, and Protonation on the Phase
Transition Temperature of Dipalmitoylphosphatidylglycerol and
Dimyristoylphosphatidic Acid

dipalmitoyl- dimyristoy!l-
phosphatidyl- phosphatidic

glycerol acid

T, CO) T, CC)
control (pH 7.4) 42 52
basic protein® 30,39 43.8
polylysine® 48.7 71.3
Mg** 55,5 72 65
protonation (pH 2) 61¢ 454

@ Maximum effect produced on heating scans. ® First transition
is metastable. ¢ Wattsetal. (1978). ¢ Eibl & Blume (1979).

3c,e and Table I. Higher concentrations have no further effect
on the phase transition temperature of dipalmitoyl-
phosphatidylglycerol but abolish the phase transition of di-
myristoylphosphatidic acid at temperatures below 100 °C.
Mg?* increases the phase transition temperature of di-
palmitoylphosphatidylglycerol by 13 °C for a metastable state
which goes into a more stable state melting 30 °C higher
(Table 1), as reported by Van Dijck et al. (1975), However,
Mg?* raises the T, of dimyristoylphosphatidic acid by only
13 °C. Protonation (neutralization) of the lipid raises the T,
of dipalmitoylphosphatidylglycerol by 19 °C (Watts et al.,
1978) but decreases the T, of dimyristoylphosphatidic acid
by 7 °C (Table I) (Eibl & Blume, 1979).

The basic protein has a greater effect when added to di-
palmitoylphosphatidylglycerol above its phase transition tem-
perature than below and also has a greater effect on cooling
scans (Figure 1f) than on heating scans (Figure 1b). This led
to the conclusion that the interaction can be reversed by su-
percooling (Papahadjopoulos et al., 1975; Boggs & Moscarello,
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FIGURE 3: Differential scanning calorimetric thermograms of vesicles
of dimyristoylphosphatidic acid containing (a) (—) 0, (b) (---) 10%
and (c) (-+-++) 25% polylysine and dipalmitoylphosphatidylglycerol
containing (d) (—) G and (e) (---) 25% polylysine. Heating rate 10
°C/min,

1978b; Boggs et al., 1980). However, in the case of di-
myristoylphosphatidic acid the protein has a similar effect on
the heating scans as on the cooling scans (Figure 2b—d,h—j).
Thus the hydrophobic interaction may occur to a greater extent
with the liquid crystalline phase of dipalmitoylphosphatidyl-
glycerol than with the gel phase but occurs to a similar extent
with the gel phase as with the liquid crystalline phase of di-
myristoylphosphatidic acid. Basic protein also causes a small
exothermic transition on heating for dipalmitoyl-
phosphatidylglycerol (Figure 1b), indicating a change in phase
structure to a more stable state (Boggs et al., 1980). This does
not occur in dimyristoylphosphatidic acid (Figure 2b—d).
These diverse effects of basic protein on these two lipids can
be utilized to examine whether the two fragments behave
similarly to the intact protein.

Effect of Fragments on Lipid-Phase Transition. F-1 and
F-2 have qualitatively similar effects on dipalmitoyl-
phosphatidylglycerol as intact basic protein as shown in Figure
1, parts c,g and d,h, for vesicles containing 43% (wt %) F-1
and 32.2% F-2, respectively, compared to a concentration of
basic protein of 37.6% in Figure 1, parts b,f. Like the intact
protein, both F-1 and F-2 decrease T, to a greater extent on
cooling (Figure 1g,h) than on heating and both cause the
appearance of an exothermic transition on heating. This
exothermic transition was even more apparent at a lower
heating rate. The greater effect of F-1 compared to BP is
probably due to the slightly greater concentration of F-1 in
the vesicles. F-2 does not decrease T, as much as the intact
protein even if a similar concentration of BP is used.

The effect of increasing BP content on T, of dimyristoyl-
phosphatidic acid is shown in Figure 2b—d,h—j. Two compo-
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FIGURE 4: Effect of increasing concentration of basic protein or
polylysine on (A) change in order parameter, AS, of 5-S-SL and (B)
change in motional parameter, Ay, of 16-S-SL relative to the pure
lipid in phosphatidic acid and phosphatidylglycerol vesicles. Phos-
phatidylglycerol and basic protein (Q); phosphatidylglycerol and
polylysine (®); phosphatidic acid and basic protein (A); and phos-
phatidic acid and polylysine (4).

nents are present for 15.6% (Figure 2b,h) and 27.4% BP
(Figure 2c,i), but at 40.1% BP (Figure 2d,j) there is only one
component which melts 7-10 °C below the T, of the pure lipid.
Like the intact protein, the fragments also decrease T, have
similar effects on the heating and cooling scans of this lipid,
and do not produce an exothermic transition in dimyristoyl-
phosphatidic acid. The effect of F-1 at a concentration of
38.7% (Figure 2e,k) is between that of a lower and higher
concentration of BP (Figure 2, parts c,i and d,j). F-2 ata
concentration of 24.2% (Figure 2f,1) does not have as great
an effect as a similar concentration of intact protein (27.4%
BP in Figure 2c).

Effect of Proteins, Divalent Cations, and Protonation on
Fatty Acid Motion. The effect of basic protein on lipid fatty
acid motion and orientation near the polar head group and
in the interior of the bilayer was monitored by using 5-S-SL
and 16-S-SL, respectively. The effect on these spin-labels in
the liquid crystalline phase of unsaturated phosphatidylglycerol
and phosphatidic acid, both prepared from egg phosphati-
dylcholine, is shown in Figure 4A,B. Basic protein produces
a pronounced increase in the order parameter of 5-S-SL in
both lipids (Figure 4A). It also increases the motional pa-
rameter of 16-S-SL in phosphatidylglycerol (Figure 4B) but
has no effect on 16-S-SL in phosphatidic acid (Figure 4B),
as reported earlier (Boggs & Moscarello, 1978b). The mot-
ional parameter is a measure of both rotational motion and
the amplitude of motion since the motion of 16-S-SL is not
very anisotropic.

Comparison with the effects of polylysine, divalent cations,
and protonation (neutralization) of the lipid on fatty acid
motion in these two lipids helps to understand the effect of
basic protein. As shown in Figure 4 and Table I, polylysine
increases the order parameter, S, of 5-S-SL (Figure 4A) and
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Table 1I: Effect of Proteins, Divalent Cations, and Protonation on
Order Parameter S and Motional Parameter 7, of Fatty Acid
Spin-Labels in Phosphatidylglycerol and

Phosphatidic Acid at 37°C

phosphatidyl- phosphatidic
glycerol acid

5-S-SL  16-8-SL  5-S-SL  16-S-SL

S 7, (ns) S 7, (nS)
control (pH 7.4) 0.388 0.784  0.460 1.084
30% basic protein 0.584 1.190 0.656 1.084
30% polylysine 0.615 0.944 0.676 1.319
Mg?*, Ca** 0.524  1.039 0.484 0.909

protonation (pH2) 0.431 0.990 0460 0.924

the motional parameter, 7y, of 16-S-SL (Figure 4B) in both
lipids. The effect of polylysine on 5-S-SL is similar to that
of basic protein. However, the effect of polylysine on 16-S-SL
in phosphatidylglycerol is less than that of basic protein while
in phosphatidic acid the effect of polylysine is greater than
that of basic protein. Complex formation between phospha-
tidylglycerol and divalent cations has similar effects on fatty
acid motion as basic protein or polylysine, as indicated in Table
II. Protonation of phosphatidylglycerol at low pH, which
abolishes the repulsion of the negatively charged lipid head
group and raises the phase transition temperature [(Watts et
al. (1978) and Table I}], has less effect on fatty acid motion
(Table II), suggesting that the effect of the proteins is more
like complex formation than charge neutralization.

In contrast to phosphatidylglycerol, the order parameter of
5-S-SL in phosphatidic acid is much less affected by com-
plexation with divalent cations than by interaction with the
proteins, while the motional parameter of 16-S-SL is decreased
rather than increased (Table II). The phase transition tem-
perature of dimyristoylphosphatidic acid is also less affected
by divalent cations than by polylysine (Table I). This may
be due to disruption of intermolecular hydrogen bonding be-
tween adjacent phosphatidic acid molecules or to induction
of the hexagonal phase by divalent cations (Papahadjopoulos
et al., 1976). Participation of phosphatidic acid in intermo-
lecular hydrogen bonds accounts for its high phase transition
temperature (Jacobson & Papahadjopoulos, 1975; Eibl &
Blume, 1979) and results in restriction of fatty acid motion
in the interior of the bilayer, monitored by 16-S-SL, relative
to phosphatidylglycerol, as indicated in Table II. Protonation
of phosphatidic acid also has a disordering effect on both
5-S-SL and 16-S-SL (Table II) and has been shown to de-
crease the phase transition temperature due to disruption of
intermolecular hydrogen bonds (Eibl & Blume, 1979).

Since the interaction of basic protein with the gel phase of
dipalmitoylphosphatidylglycerol is different from the liquid
crystalline phase, its effect on the motion of 16-S-SL in the
gel phase and through the phase transition was studied. The
increase in motion of 16-S-SL during the phase transitions of
dipalmitoylphosphatidylglycerol and dimyristoylphosphatidic
acid is indicated by a decrease in T at low temperatures and
a decrease in 7 at high temperatures in Figure 5, parts A and
B, respectively. Basic protein has a pronounced immobilizing
effect on 16-S-SL in the gel phase of dipalmitoyl-
phosphatidylglycerol (Figure SA). At the concentration of
basic protein used for Figure 5, two components are present
in the spectrum at low temperatures. The T} values for both
components are indicated. Basic protein produces an increase
in Ty from 22 to 32 G for the more immobilized component
at 20 °C. A much smaller ordering effect is produced on the
gel phase of dimyristoylphosphatidic acid (Figure 5B). Po-
lylysine has a small disordering effect, protonation has little
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FIGURE 5: (A) Effect of temperature on ESR spectral parameters
of 16-S-SL in dipalmitoyl phosphatidylglycerol. Lipid only (O) dashed
line; with 28% basic protein (A); with 30% polylysine (A); with Mg?*
(@); at pH 2 (®@). (B) Effect of temperature on the ESR spectral
parameters of 16-S-SL in dimyristoylphosphatidic acid. Lipid only
(O) and with 33% basic protein (4). T is plotted at lower tem-
peratures and 7, is plotted at higher temperatures where spectrum
becomes more isotropic.
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FIGURE 6: Effect of increasing concentration of basic protein and
fragments in phosphatidic acid vesicles at 37 °C on (A) change in
order parameter, AS, of 5-S-SL and (B) change in motional parameter,
Arg, of 16-S-SL relative to the pure lipid. Basic protein (0) (—);
F-1 (A---), F-2 (Q-+-+-- ).

effect, and complexation with divalent cations has only a small
ordering effect on the gel phase of dipalmitoylphosphatidyl-
glycerol (Figure 5A). The effects on the phase transition
temperature are similar to those observed by DSC.

Effect of Fragments on Fatty Acid Motion. The effects of
intact basic protein and its fragments on fatty acid motion in



1070 BIOCHEMISTRY

0.25+

0.204

0.154

AS

0.104

0.054

AT, (nsec)

7o PROTEIN (w/w)

FIGURE 7: Effect of increasing concentration of basic protein and
fragments in phosphatidylglycerol vesicles at 37 °C on (A) change
in order parameter, AS, 5-S-SL, and (B) change in motional pa-
rameter, Ary, of 16-S-SL relative to the pure lipid. Basic protein
(0—), F-1 (A---); F-2 (O-+-+-).

phosphatidic acid and phosphatidylglycerol are compared in
Figures 6 and 7, respectively. The changes in order parameter
(AS) of 5-S-SL and the motional parameter (Arp) of 16-S-SL,
relative to the pure lipid, produced by increasing concentration
of protein are shown. The proteins are compared at equivalent
weight percentages and therefore equal moles of amino acid,
rather than moles of protein.

F-1 has a similar effect to those of BP on 5-S-SL and 16-
S-SL in both phosphatidic acid (Figure 6) and phosphati-
dylglycerol (Figure 7) although the magnitude of the effect
is not quite as large as that produced by the intact protein.
F-2 has a similar effect to those of BP on 5-S-SL (Figure 6A)
and 16-S-SL (Figure 6B) in phosphatidic acid up to a con-
centration of 22%, which was the highest concentration used.
In phosphatidylglycerol, F-2 has a similar effect to those of
BP on 5-S-SL (Figure 7A) up to a concentration of 17.5%
where the curve then levels off. The effect of F-2 on 16-S-SL
in phosphatidylglycerol was not nearly as great as those of F-!
and BP; A7 leveled off at 7.0% F-2 content with no further
change.

Competition with Mn?*. The number of basic residues of
the protein which can interact with acidic sites on lipids was
estimated by determining the amount of Mn?* which could
be prevented from binding to the lipid by the protein. In this
study it was desired to have enough Mn?* to associate with
all the lipid so that the protein would have to compete with
Mn?* in order to bind to the lipid. However, a large excess
of free Mn?* was undesirable, since this would make the
measurements of small increases in free Mn?* less accurate
and might also prevent the protein from binding. Therefore
the binding of Mn?* to a number of lipids at various initial
ratios of Mn?* to lipid was investigated.

The ratio of bound Mn?* to lipid was plotted against the
initial ratio in Figure 8. Phosphatidic acid and phosphati-
dylserine become saturated at an initial ratio of 3:1, resulting
in a ratio of bound Mn:lipid of 0.6:1. Phosphatidic acid was
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FIGURE 8: Mole ratio of bound Mn?* to lipid plotted against initial
mole ratio for phosphatidic acid (A), phosphatidylserine (@), phos-
phatidylglycerol (O), cerebroside sulfate (O) and phosphatidyl-
ethanolamine (a).

studied at pH 6.5 while the other lipids were at pH 7.4. The
stoichiometry of binding of Mn?* to phosphatidic acid at pH
5-8 has been shown to be 0.5:1 while at pH 8-10, where the
lipid has two negative charges, it is 1:1 (Galla and Sackmann,
1975). Ca®* has been found to bind to phosphatidylserine in
a 0.5:1 ratio also (Bangham & Papahadjopoulos, 1966) at a
concentration of 1 mM. However, Hauser et al. (1976) re-
ported a ratio of 0.5:1 at concentrations less than 0.1 mM and
a ratio of 1:1 at concentrations higher than 0.1 mM. Mn?*
binding to phosphatidylserine can cause dissociation of the
proton from the amino group, resulting in further Mn?*
binding (Puskin & Coene, 1980). Further dissociation can
probably occur with phosphatidic acid also. Under the con-
ditions used in the present study the molar ratio of bound Mn?*
to lipid is 0.5-0.6:1 at initial ratios of Mn to lipid up to 6:1
(20 mM Mn?*). The level of Mn bound to phosphatidyl-
glycerol did not reach 0.5:1 until an initial ratio of 4:1 was
used. Phosphatidylethanolamine was saturated at an initial
ratio of 1:1, but the ratio bound was only 0.3:1. The ratio of
Mn?* bound to cerebroside sulfate was only 0.37:1 at an initial
ratio of 3:1.

Since the lipids were saturated at initial ratios of Mn to lipid
of 1:1 to 4:1, these ratios were generally used to determine the
ability of basic protein to compete with Mn?* for the acidic
lipid head groups. Basic protein was added in ratios of lipid
to protein of 125:1 to 80:1 so that there was an excess of lipid
to basic residues on the protein. The amount of lipid bound
to the protein was determined by multiplying the increase in
amount of free Mn?* by 2, assuming that the protein must bind
to 2 molecules of lipid to prevent 1 molecule of Mn?* from
binding. Thus

moles of PL /moles of BP = 2(A[Mn?*])
where
A[Mn?*] = [Mn?*] (+BP) - [Mn2*] (no BP)

The results are snown in Table I1I and indicate that ap-
proximately 26 £ 5 molecules of phosphatidic acid and
phosphatidylserine are bound per molecule of basic protein
at Mn:PL ratios up to 3:1. Above 3:1 the amount of lipid to
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Table III: Molar Ratio of Phospholipid Bound to Basic Protein
and Its Fragments Determined by Competition with Mn**

Mn:PL
initial ~ PL:BP%b PL:F-1¢ PL:F-2°
lipid ratio? bound bound bound
PA 1:1 25.6 £4.5
2:1 20.1 £4.6
3:1 22229
4:1 16.9+12.0
PS 1:1 25.1+5.6 16.7+ 2.9 10.6 + 1.5
2:1 26.1 1.6 129 1.1 2.6+1.8
4:1 9.2 +6.1 7.8 0
6:1 0
8:1 0
PG 1:1 14.1
1.5:1 16.4 1.3
2:1 16.1 +1.7
6:1 0
PE 1.4:1 14,1 + 3.1
2:1 9.4
4:1 10.9
Cerebroside Sulfate
1:1 10.7+ 3.4
2:1 10.5

@ Mole/mole. b At least six determinations were made at Mn:PL
ratios of 1:1 and 2:1 for PA and PS, two determinations at higher
ratios for PA and PS and for all other lipids.

BP decreases, indicating that higher concentrations of Mn?*
can compete successfully for the lipid and decrease protein
binding. Since there are 31 positively charged residues in the
intact protein, these results indicate that most of these residues
bind to phosphatidic acid and phosphatidylserine vesicles even
in the presence of Mn?*. For phosphatidylglycerol, the results
indicate that only 16 molecules of lipid bind to 1 molecule of
protein. However, phosphatidylglycerol is not saturated at the
concentration of Mn?* used, and there may be enough
available free lipid to bind some of the protein without pre-
venting Mn?* binding. It is also possible that in phosphati-
dylglycerol the inner layer of the vesicles is less accessible to
Mn?* unless high concentrations are used. Similar reasons
may account for the low ratio of lipid to protein, indicated by
competition with Mn?*, of 14 and 10.7 for phosphatidyl-
ethanolamine and cerebroside sulfate, respectively.

Since the estimates of the number of basic residues bound
to lipid was close to the total number available in the intact
protein for phosphatidylserine, this lipid was chosen for in-
vestigation of the number of residues on the two fragments
involved in binding to the lipid head groups. As shown in Table
II1, at an initial ratio of Mn?* to lipid of 1:1, 16.7 £ 2.9
positively charged residues of the large fragment and 10.6 +
1.5 positively charged residues of the small fragment can bind
to phosphatidylserine. This is nearly equal to the amount of
positively charged residues present in each fragment (20 and
11 for F-1 and F-2, respectively), and the sum is also equal
to the number involved in the intact protein. At higher Mn?*
concentrations, however, the number of residues which par-
ticipate in lipid binding decreases, even at a 2:1 ratio where
no change is observed for the intact protein. This number
decreases even more for the small fragment than for the large
fragment. Thus Mn?* can compete more effectively for the
lipid against F-2 which has only 11 positively charged residues
than it can with the intact protein with 31 residues.

Discussion

The effects of basic protein on lipid organization have been
interpreted to indicate that hydrophobic regions of the protein
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can interact with the fatty acid chains of some acidic lipids
while the basic residues interact electrostatically with the polar
head groups. Comparison with the effects of polylysine, a
polypeptide which can probably only interact electrostatically,
divalent cations, and protonation reinforces this interpretation.
The hydrophobic interactions of basic protein cause, among
other effects, a decrease in the phase transition temperature
of phosphatidylglycerol and phosphatidic acid while the
electrostatic interactions of polylysine cause an increase in the
phase transition temperature as shown by Papahadjopoulos
et al. (1975) for dipalmitoylphosphatidylglycerol and in the
present study for dimyristoylphosphatidic acid. Polylysine has
also been found to decrease the surface pressure of lipid
monolayers initially, indicating a contraction of the film, al-
though this is later followed by an increase in surface pressure
(Shafer, 1974). However, basic protein causes a much greater
increase in surface pressure (Demel et al., 1973).

Complexation with divalent cations also causes an increase
in the phase transition temperature of phosphatidylglycerol
and phosphatidic acid. Neutralization increases the phase
transition temperature of phosphatidylglycerol but decreases
the phase transition temperature of phosphatidic acid due to
loss of intermolecular hydrogen bonding for this lipid. The
effect of basic protein on the phase transition temperature of
phosphatidic acid is similar to that of neutralization. That
its effect is not due to neutralization, however, is evident from
the effect of polylysine which can also neutralize the charge
on phosphatidic acid, yet raises its T,. Therefore, although
binding of basic residues of proteins to phosphatidic acid does
neutralize its charge, this does not result in a decrease in 7.
The electrostatic interaction must be accompanied by a dis-
tortion of the lipid packing, due to hydrophobic interaction
of segments of the protein with the lipid fatty acid chains, in
order to cause a decrease in the 7.

Hydrophobic interaction and penetration of the protein
partially into the bilayer should increase the order parameter
and decrease the motion near the polar head group but might
be expected to have no effect or to increase the motion (de-
crease 1) in the interior of the bilayer. However, a strong
electrostatic interaction and complexing effect will decrease
the motion both near the polar head group and in the interior
of the bilayer, as is evident from the effects of divalent cations
on phosphatidylglycerol and polylysine on phosphatidylglycerol
and phosphatidic acid. The effect of basic protein on spin-label
motion in phosphatidic acid is consistent with hydrophobic
interaction and much different from the effect of polylysine.
However, the effect of basic protein on the liquid crystalline
phase of phosphatidylglycerol is similar to that of polylysine
even though basic protein decreases the T, of dipalmitoyl-
phosphatidylglycerol while polylysine increases it. Indeed basic
protein decreases the motion of 16-S-SL in phosphatidyl-
glycerol even more than polylysine.

This difference is even greater in the gel phase of di-
palmitoylphosphatidylglycerol. The DSC results suggested
that the hydrophobic interaction is partially reversed below
the phase transition and that the interaction of basic protein
with the gel phase of this lipid is mainly electrostatic. How-
ever, basic protein restricts the motion of 16-S-SL in the gel
phase of dipalmitoylphosphatidylglycerol much more than
polylysine, divalent cations, or protonation. Therefore, al-
though the effects of basic protein are not the effects expected
for hydrophobic interaction, they are also much different from
the effects of electrostatic interaction.

This restriction of motion of 16-S-SL in the gel phase may
be due to interdigitation of the fatty acid chains of di-
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palmitoylphosphatidylglycerol in the presence of basic protein.
Expansion of the lipid would be necessary to accommodate
hydrophobic segments of the protein, and interdigitation of
the terminal ends of the fatty acid chains would allow better
packing in the gel phase and restrict the motion of 16-S-SL.
In the liquid crystalline state this interdigitation may be
considerably reduced, resulting in less restriction of the motion
of 16-S-SL compared to the gel phase but more restriction than
in the liquid crystalline phase of phosphatidic acid. Interdi-
gitation of the fatty acid chains has been observed by X-ray
diffraction in the gel state of dipalmitoylphosphatidyliglycerol
at low ionic strength (Ranck et al., 1977). Further studies
on the phase behavior with basic protein are in progress (J.
M. Boggs et al., unpublished results).

The fragments behaved in a qualitatively similar way to the
intact protein in their effect on both the lipid-phase transition
temperature and fatty acid spin-label motion, suggesting that
they also interact hydrophobically with lipid although there
were quantitative differences between the effect of F-2 and
that of basic protein. The effect of the fragments was com-
pared to the intact protein on the basis of equal moles of amino
acid and therefore equal weight. If they are compared on the
basis of moles of peptide, the fragments, particularly the
smaller C-terminal fragment, have much less effect than the
intact protein. London et al. (1973) concluded that the
fragments, particularly F-2, caused much less expansion of
lipid monolayers than the intact protein, but compared them
on the basis of moles of protein. If the data presented in
London’s study are compared on the basis of equal moles of
amino acid, the small fragment increases the surface pressure
nearly as much as the large fragment, in agreement with the
results presented here.

The effects of F-1 and F-2 on T, and fatty acid motion
reported here and on the area of monolayers reported by
London et al. (1973) suggest that both fragments can interact
hydrophobically although the small fragment may not do so
to as great an extent as the large fragment. These results also
indicate that the tryptophan region is not required for this
interaction, although it may contribute in the intact protein.
An increase in a-helical and 8 structure upon interaction with
lipid, similar to that which occurs with the intact protein, has
been observed in both fragments (R. M. Epand et al., un-
published results), indicating that the conformation and in-
teraction with lipid of the isolated fragments may be similar
to the behavior of these portions when in the intact protein.
Thus, in the intact protein, the hydrophobic segments in the
C-terminal portion beyond the triproline segment should be
able to participate in hydrophobic interactions to a similar
extent as the N-terminal portion.

The number of positively charged residues of each fragment
as well as of the intact protein which participate in electrostatic
interaction with acidic lipids was measured from their ability
to inhibit Mn?* from binding to the lipid polar head groups.
Basic protein was able to compete with Mn?* for the lipid polar
head groups provided that the ratio of Mn?* to lipid was less
than 3:1. Even if Mn>* was allowed to bind to the lipid vesicles
first, the protein was able to displace it. However, this was
after sonication which may have transiently disrupted the
Mn?*-lipid complex. Demel et al. (1973) reported earlier that
basic protein could displace Ca®' from cerebroside sulfate
monolayers. Since the protein was able to prevent Mn**
binding, the increase in free Mn?* in the presence of protein
could be used to quantitate the number of positively charged
residues in the protein which participate in electrostatic binding
to lipid. This led to an estimate that 26 & 5 positively charged
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residues in the intact protein bind to phosphatidylserine and
phosphatidic acid. Thus almost all or possibly all of the
positively charged residues in the intact protein can bind
electrostatically to phosphatidylserine and phosphatidic acid.
This is consistent with our earlier estimate based on the extent
of phase separation produced by the protein in a mixture of
acidic and neutral lipids (Boggs et al., 1977).

Nearly all of the positively charged residues of the N-ter-
minal and C-terminal fragments (17 & 3 for F-1, 11 & 2 for
F-2) also were able to participate in binding to lipid and
prevention of Mn?** binding at Mn:lipid ratios of 1:1. However,
higher concentrations of Mn?* were able to compete more
effectively with the fragments for lipid than with the intact
protein. This was especially true for the small fragment and
is presumably due to the lower multivalency which reduces
the affinity of the fragments for the lipid.

This study indicates that basic protein is fairly homogeneous
throughout its sequence with regard to hydrophobic and
electrostatic interactions with lipid. More subtle and specific
effects may of course by localized to one or more sites in the
protein, but such effects would be related to the specific amino
acid composition rather than to the charge or relative polarity
or hydrophobicity. Both halves of basic protein on either side
of the triproline segment, the postulated hinge region, can
interact in a similar way with lipids. This interaction might
be with a single bilayer or could also be interlamellar, with
one half interacting with one bilayer and the other half in-
teracting with an adjacent bilayer. A model has been pres-
ented elsewhere (Boggs et al., 1981). This would be an ef-
fective and nonrandom mechanism for association of two la-
mellae. Other proteins including polylysine and each of the
fragments of basic protein can cause aggregation of lipid
vesicles, indicating that they too can bridge two bilayers.
However such an interaction would be random and possibly
not suitable for producing an ordered structure such as myelin.
Some specificity of the interlamellar interaction of basic protein
compared to its fragments and two other basic proteins, cy-
tochrome ¢ and polylysine, has been demonstrated in X-ray
diffraction studies (Mateu et al., 1973; Gulik-Krzywicki et al.,
1969), where basic protein was shown to bind together al-
ternating layers of cerebroside sulfate and a mixture of other
lipids.

Whether or not this mechanism of interlamellar interaction
by a monomer of basic protein occurs in myelin cannot be
concluded at present. Basic protein also dimerizes, and a
dimerization mechanism has been suggested for interlameliar
association in myelin (Golds & Braun, 1978a,b; Smith &
McDonald, 1979; Smith, 1980). Smith & MacDonald (1979)
showed that basic protein in sodium dodecyl sulfate was a
dimer at low detergent concentrations but was a monomer at
higher detergent concentrations and that it bound detergent
micelles together in a ratio of one molecule of basic protein
per two micelles. Thus one molecule of basic protein is capable
of joining two lamellae together, and the results presented here
indicate that both hydrophobic and electrostatic interactions
could be involved in the association with each lamella.
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