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Summary

Equilibrium measurements of the binding of central nervous system myelin
basic protein to sodium dodecyl sulphate, sodium deoxycholate and lysophos-
phatidylcholine have been obtained by gel permeation chromatography and
dialysis. This protein associates with large amounts of each of these surfactants:
the apparent saturation weight ratios (surfactant/protein) being 3.58 + 0.12
and 2.30 + 0.15 for dodecyl sulphate at ionic strengths 0.30 and 0.10, respec-
tively, 1.34 £ 0.10 for deoxycholate (at 0.12 ionic strength) and 4.0 + 0.5 for
lysophosphatidylcholine. Binding to the ionic surfactants increases markedly
close to their critical micelle concentrations. Sedimentation analysis shows that
at 0.30 ionic strength in excess dodecyl sulphate the protein is monomeric. It
becomes dimeric when the binding ratio falls below 1 at a free detergent con-
centration of approximately 0.25 mM: below this concentration much of the
protein and detergent forms an insoluble complex. The amount of dodecyl
sulphate bound at high concentrations and at both above-mentioned ionic
strengths corresponds closely to that expected for interaction of a single poly-
peptide with two micelles. Variability of deoxycholate micelle size on inter-
action with other molecules precludes a similar analysis for this surfactant.
Association was observed only with single micelles of lysophosphatidylcholine.
The results provide strong evidence for dual lipid-binding sites on basic protein
and indicate that lipid bilayer cross-linking by this protein may be effected by
single molecules,

Introduction

Myelin basic protein, a major component of myelin, acts as antigen
producing inflammatory demyelination in experimental allergic encephalo-
myelitis, and has been implicated in several neurological diseases, including
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multiple sclerosis. Despite considerable interest in this protein its normal func-
tion within myelin has not been unequivocally elucidated. It has recently been
shown [1] that the protein may act as a growth factor for astrocytes, but this
observation does not appear to explain the comparatively large amounts of the
protein that are found in the compact myelin formed by oligodendroglial cells.

On the basis of a demonstration of non-covalent cross-linking of lipid vesicles,
a structural role has been suggested for the protein within myelin [2], a role
recently advanced also by Braun [3] and by Rumsby [4]. Implied is a more
specific function than the earlier proposal that basic protein serves to reduce
electrostatic repulsion between apposed bilayers, which on the basis of the
overall lipid composition of myelin, are assumed to contain negative lipids
(predominantly cerebroside sulphates, phosphatidylserine and phosphatidyl-
inositol).

Although earlier work from this laboratory demonstrated bilayer cross-
linking it provided little insight into the molecular mechanism of this bridging.
To better define this mechanism studies of association of the protein with
detergents were undertaken. Detergent micelles do not as closely mimic the
structure of biological membranes as lipid vesicles but they provide a more con-
venient vehicle for many studies of the protein when it is bound at a hydro-
philic-hydrophobic interface. In this instance the detergent binding has proven
especially revealing because of the quite atypical behaviour of basic protein in
detergent solutions. The results bear not only on the properties and function of
basic protein per se, but are relevant to the wider field of the interaction of
detergents with proteins and the structural models proposed for these com-
plexes.

Methods

Sodium deoxy[1-'*C]cholate was a product of Applied Sciences (State
College, PA, U.S.A.): analysis by thin-layer chromatography in our laboratory
showed it to be at least 99% pure. Sodium dodecyl sulphate (Pierce, Rockford,
U.S.A,, 99%), sodium deoxycholate (Merck, Darmstadt, F.R.G., 98.5—101.0%)
and egg L-a-lysophosphatidylcholine (Sigma, St. Louis, U.S.A., 98%) were used
without further purification. Bovine serum albumin (crystalline), a-chymo-
trypsinogen (crystalline) and cytochrome ¢ (93%) were purchased from Cal-
biochem. (San Diego, U.S.A.). Myelin basic protein was prepared from bovine
brain following the method of Oshiro and Eylar [39]. Dodecyl sulphate gel
electrophoresis and equilibrium sedimentation showed the protein to be a
single polypeptide of molecular weight 18 400. Other reagents were of
analytical grade.

Binding measurements. Binding of the three surfactants was determined by
equilibrium dialysis and by column chromatography, the latter technique being
used for lysophosphatidylcholine and for all solutions containing free dodecyl
sulphate close to, or above, the critical micelle concentration. Attainment of
equilibrium was assured by approach to equilibrium with separate protein
solutions initially containing an excess and deficiency of detergent.

Equilibrium dialysis was performed in perspex cells with two 3 ml compart-
ments separated by a membrane of dialysis tubing (Visking, Chicago, U.S.A.),
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which had been extensively washed in salt solutions and hot distilled water.
The cells were constantly rotated.

Gel permeation chromatography utilized a 77 ¢cm X 2.5 cm diameter column
of Sepharose 4B (Pharmacia, Sweden) for lysophosphatidylcholine, a 70 em X
2.5 cm column of Sephadex G-150 (Pharmacia, Sweden) for sodium dodecyl
sulphate, and a 80 cm X 2.5 cm column of Sephadex G-100 for deoxycholate
studies. For each column the flow rate was in the range 15—30 ml - h™! and
15—20 min fractions were collected. Distribution coefficients (K4) were calcu-
lated from measurements of the column void and included volumes by inclusion
of blue dextran (Pharmacia, Sweden) and mercaptoethanol (Fluka, Switzerland,
analytically pure) or bromophenol blue (British Drug Houses, U.K.). All
binding studies were at 25 + 2°C.

Protein concentrations were determined spectrophotometrically (assuming
E1%,=5.44 at 280 nm, deduced from Ei1% =564 at 276.4 nm [26]) or
colorimetrically [5]. Calibration of the colorimetric assay employed standard
basic protein solutions in the same buffer and containing approximately the
same detergent concentration as the solutions of unknown protein concentra-
tion. The buffer solutions used in some experiments significantly reduced the
colour formation in thisassay: this effect was substantially reduced by doubling
the amount of the alkaline copper solution (reagent C of Lowry et al. [5])
added to the sodium carbonate solution. The absorbance of protein from
columns containing dodecyl sulphate in particular was found to be an unreliable
index of protein eluate concentration and in general concentration determina-
tions from absorbance measurements at 280 nm were only made for detergent-
free solutions.

Dodecyl sulphate concentrations were established following the method of
Mukerjee [6], in which the detergent increases the solubility of the dye,
methylene blue, in the chloroform phase of a two phase system. Using solu-
tions of known detergent concentration it was found that the presence of basic
protein, at least in the concentration range used in these experiments, did not
influence the phase distribution of the dye. Phosphate analyses [7] were used
to measure concentrations of lysophosphatidylcholine. This lipid is stated to
contain primarily palmitic and stearic acids; on this basis a molecular weight
of 510 was adopted for subsequent calculations. Deoxycholate concentrations
were deduced from liquid scintillation counting of sodium deoxy[1-C'*]cholate
added to unlabelled deoxycholate (up to 0.002% of radioactive detergent).
Samples for counting were carefully weighed into scintillation vials containing
15 ml of toluene-based scintillation fluid [8]: background and water-quenching
corrections were applied.

Several buffers were used for these experiments: they are given one-letter
designations below to facilitate later reference to them. A: 0.20 M sodium
chloride, 2.0 mM EDTA, 2.0 mM sodium azide, 0.05 M phosphate, pH 7.40
0.02. B: as for A but without sodium chloride. C: 0.20 M sodium chloride,
2.0 mM EDTA, 2.0 mM sodium azide, 0.10 M Tris, pH 7.40 + 0.2. D: 0.02 M
Tris, 0.10 M sodium chloride, 2.0 mM sodium azide, pH 9.20 + 0.02. E: as for
D but with 0.20 M sodium chloride.

Precipitation of basic protein at low detergent concentrations. Aliquots of
concentrated detergent solutions (typically 25 mg - ml™') were added to pro-
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tein solutions (of the order of 1 mg-ml™') in the appropriate buffer. After
standing overnight at 25°C the solutions were centrifuged at 80 000 X g,,
(Beckman SW50.1 rotor) for 2h at 25°C. Samples of the supernatants were
taken for protein and detergent analyses.

Critical micelle concentration of dodecyl sulphate. The critical micelle con-
centration of dodecyl sulphate in the high ionic strength buffer A was mea-
sured at 25 + 2°C by following the rate of dialysis of the detergent. The dialysis
cell contained initially a 2 mg - ml™' solution of detergent in one compartment
and detergent-free buffer in the other. 200-ul samples of dialysate were taken
at various times and the concentration of dodecyl sulphate established.

Determination of the molecular weight of the basic protein-dodecy! sulphate
complex. A Beckman Model E analytical ultracentrifuge with interference
optics was used for sedimentation equilibrium experiments. Samples (150 ul)
of protein in dodecyl sulphate solution (in buffer A), taken from columns or
dialysis cells used for binding studies, were placed in one side of a 12 mm
double-sector cell with a capillary-type synthetic boundary Al-filled epon
centrepiece. Column solvent was placed in the other cell sector. Photographs of
the interference pattern were taken on reaching speed (to provide a correction
for window distortions) and after 24—30 h at 20—26°C. At low detergent
concentrations the temperature had to be kept near 26°C to avoid precipita-
tion of the surfactant. Initial concentrations (in fringes) in the cell were subse-
quently obtained from synthetic boundary runs in which 200 ul of buffer was
added to the protein-free sector and sedimentation carried out at 15 000 rev./
min for 0.5—1 h. Photographs were taken at 4—16-min intervals and estimates
of the initial concentration gained from extrapolation to zero time of the fringe
displacement across the boundary. All photographic plates were measured to an
accuracy of *2 um on a microcomparator.

Following centrifugation and binding studies the integrity of the protein was
examined by gel electrophoresis in the presence of dodecyl sulphate [9].

Results

Binding of dodecy! sulphate

In Fig. 1 data from both dialysis and gel chromatographic measurements of
dodecyl sulphate binding are collated. The slow diffusion of dodecyl sulphate
micelles through the dialysis membrane precludes binding measurements by
dialysis much above the critical micelle concentration, but measurements by
both methods near the critical micelle concentration were consistent.

At high ionic strength (0.3 in buffer A) and high free detergent concentra-
tion the protein binds unusually large amounts of dodecyl sulphate: the satura-
tion value is 3.58 + 0.12 g/g of basic protein. (The standard deviation was
calculated from the results of six independent experiments). This value was
reproducibly obtained over a wide free dodecy! sulphate concentration range
above the critical micelle concentration. At each concentration attainment of
thermodynamic equilibrium was readily demonstrated by approach to equilibri-
um from either an initial excess or deficiency of detergent in the protein solu-
tion. The Donnan potential, which could lead to spuriously high binding ratios,
is expected to be negligible at 0.30 ionic strength: existence of a significant
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Fig. 1. Isotherms for binding of dodecyl sulphate to bovine myelin basic protein at 25 + 2°c. Experiments
were performed by dialysis (®) or by gel permeation chromatography (9,0). An excess of detergent was
initially added to the protein in some experiments (®) and in others the protein solution initially con-
tained less than the equilibrium concentration of detergent (0). Buffer A (ionic strength 0.3) was used for
all measurements except three at 0,10 ionic strength (lower right). The measured critical micelle con-
centration in buffer A is indicated by the arrow.

Donnan effect would also be inconsistent with the observed lower binding at
0.10 ionic stength (see below).

Although the critical micelle concentration of dodecyl sulphate has previ-
ously been measured over a wide range of ionic strength in sodium chloride
solutions [10,11], the nature of the buffer used in these experiments (which
includes both phosphate and EDTA) could not be assumed to be without effect
on the critical micelle concentration. The critical micelle concentration was
therefore obtained by measuring the rate of dialysis of solutions containing
high concentrations of dodecyl sulphate against detergent-free buffer. The
detergent concentration in the dialysate increased rapidly (Fig.2) to a con-
centration far below that expected for complete equilibrium across the mem-
brane. Continued dialysis resulted in a far slower linear increase over several
days, which was attributed to micelle permeation of the membrane. Extrapola-
tion of this line to zero time gave the concentration of detergent that would
have been obtained in the dialysate in the absence of micelle permeation, i.e.
the critical micelle concentration. In buffer A this value was 0.62 mM, close to
previously reported values in 0.30 M sodium chloride [10,12].

Binding of dodecyl sulphate increases rapidly near the critical micelle con-
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Fig. 2. Measurement of the critical micelle concentration of sodium dodecyl sulphate in buffer A. The
slow phase of dialysis was extrapolated to zero time (------ ) to obtain the critical micelle concentra-

tion.

centration though binding persists at lower concentrations. Below a free deter-
gent concentration of approximately 0.25 mM the solutions become turbid.
This turbidity is not simply caused by aggregation of the protein at this pH:
separate studies (Smith, R., unpublished data) have revealed only limited self-
association of the protein under these conditions in the absence of detergent.
Experiments performed at fixed protein concentration showed precipitation
when the detergent/protein ratio (w/w) in solution fell below 1 (Table I).
Below this ratio much of the protein and detergent was lost from solution until
at the lowest detergent concentrations employed the protein concentration
(but not the detergent concentration) in the supernatant began to rise again.
Precipitation was evident over a pH range from 4.18 to 11.57 (Table II).

Jones and Rumsby [13] on adding dodecyl sulphate to basic protein ob-

TABLE 1

EFFECT OF DETERGENT CONCENTRATION ON THE FORMATION OF INSOLUBLE DODECYL
SULPHATE-BASIC PROTEIN COMPLEX

The experiment was performed in duplicate. The initial protein concentration was in each instance 1.01
mg - ml~1,

Protein concn. in Initial detergent Final detergent concn. Detergent/protein
supernatant (mg - m1~1) conen. (mg -ml™1) in supernatant (mg - ml~1)  (w/w) in precipitate
1.01 +0.03 1.94 = 0.05 1.89 = 0.05 -

0.39 +0,01 0.97 +0.,03 0.48 +0.01 0.79

0.043 + 0.009 0.49 0,01 0.050 = 0.004 0.46

0.056 + 0.010 0.243 = 0.007 0.011 = 0,002 0.24

0.181 + 0,011 0.121 = 0.003 0.010 = 0.002 0.13
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TABLE II

EFFECT OF pH ON FORMATION OF INSOLUBLE BASIC PROTEIN-DODECYL SULPHATE COM-
PLEXES

pH Initial protein Final protein concen. Initial detergent Final detergent
concen. (mg * ml'l) in supernatant (mg - ml™ 1) concn. (ng -« ml‘l) concn. in super-
natant (mg - ml~1)

4.18 0.92 + 0.03 0.053 = 0.010 0.231 = 0.007 0.031 = 0.003
7.37 0.92 + 0.03 0.040 = 0.009 0.231 + 0.007 0.028 + 0.003
10.33 0.92 + 0.03 0.051 + 0.010 0.231 £ 0.007 0.035 = 0.003
11.04 0.92 + 0.03 0.106 = 0.011 0.231 + 0.007 0.035 + 0.003
11.57 0.92 + 0.03 0.449 + 0.012 0.231 = 0.007 0.101  0.008

served an increase in light scattering which decreased over several hours: they
attributed this diminution to redissolution of the complex. A similar sequence
was noted in the present work but the reduction in light scattering appeared to
result from deposition of the complex on the container walls: this observa-
tion was verified by analysis of the protein and detergent content of the super-
natants obtained by centrifugation.

Changes in the elution position with alteration in detergent concentration
were evident in the chromatograms used for evaluation of dodecyl sulphate
binding. The distribution coefficient, K4 [14], for dodecyl sulphate in the
absence of protein was 0.36 + 0.02 and for protein at detergent concentrations
well above the critical micelle concentration, 0.16 + 0.02. But at lower deter-
gent concentrations the values of K4 were 0.22 + 0.02 in 0.87 mM dodecy!
sulphate and 0.30 + 0.02 at a concentration of 0.43 mM. The binding ratios in
these two experiments were 3.03 and 1.97, respectively.

Lowering the ionic strength to 0.10 (buffer B) caused a decrease in the
binding above the critical micelle concentration. The binding ratio over a free
detergent concentration range from 3.3 to 10.2 mM was approximately con-
stant at 2.30 + 0.15.

Sedimentation analysis in dodecy! sulphate solutions

Sedimentation was generally restricted to low angular velocities to avoid
significant sedimentation of free micelles at the higher concentrations. The
molecular weight of the protein (excluding bound detergent) was derived fol-
lowing Tanford et al. [15] using an apparent partial specific volume (¢')
calculated from the known partial specific volumes of the protein (Vp, =

0.72ml - g7') [16] and detergent (V4= 0.87 ml - g7!) [15] and the measured
binding ratio, 6,

(1—¢'p) = (1= V;p) + 8(1 — Vap)

where p is the solvent density.

The results are summarized in Table III. In the presence of excess micelles
the protein appears completely monomeric. A single experiment performed
close to the critical micelle concentration showed only monomers at a binding
ratio (w/w) near 2.2. But duplicate experiments below the critical micelle con-
centration (see Discussion), at a binding ratio of 0.52, showed the complex
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TABLE III

SEDIMENTATION EQUILIBRIUM MEASUREMENTS ON BASIC PROTEIN IN DODECYL SULPHATE
SOLUTIONS

Free detergent Detergent bound Angular velocity Molecular weight

concn. (mM) (g/g protein) (rev./min)
0.22 0.52 24 000 35100 * 2000
0.63 2.23 12 000 18 300 + 1 000
10.4 3.50 10000 17700 = 1 000
10.4 3.56 12100 22 000 *
10.4 3.58 24 000 18600 + 1000
17.4 3.58 10000 18 000 + 1 000

* This sample was taken from a dialysis experiment rather than a gel column and may not have reached
thermodynamic equilibrium with the solvent,

contained two polypeptides with minor heterogeneity indicated by a slightly
lower molecular weight at the low protein concentrations near the solution
meniscus (Table III).

Electrophoresis at high dodecyl sulphate concentrations

Typically gel electrophoresis employs gels and electrode buffer containing
3.5 mM (0.1%) dodecy! sulphate at an ionic strength near 0.10. From the above
binding results basic protein under these conditions binds about 2.30 g deter-
gent/g and might be expected to behave anomalously in comparison to stan-
dard proteins which have been reported to bind 1.4 g/g. However, electro-
phoresis in gel systems containing 3.5 mM or 10.4 mM (0.3%) dodecyl sulphate
and using bovine serum albumin (M, =69 000), a-chymotrypsinogen (M, =
25 500) and cytochrome ¢ (M, = 12 300) as reference proteins yielded apparent
molecular weights of 19 000 + 10% and 18 400 + 10%, respectively, at 0.13
ionic strength (0.09 M Na*).

Mobility in gels has been attributed to hydrodynamic size alone [40],
independent of charge. If imposition of an electric field does not affect the
amount of detergent bound then the dimensions of the basic protein complex
would not a priori be expected to bear a simple relationship to those of pro-
teins binding 1.4 g dodecyl sulphate/g. No clear concensus has, however,
emerged on the structure of dodecyl sulphate-protein complexes of globular
proteins [40,41] and resolution of this anomaly may be achieved once a clearer
understanding of their structures and the principles of gel electrophoresis is
obtained.

Association with deoxycholate

Conveniently rapid equilibration across dialysis cell membranes is achieved
with the smaller deoxycholate micelles: therefore only dialysis was used for
these binding measurements. Large amounts of deoxycholate also bind to
basic protein in buffer D at pH 9.2 and, as with dodecyl sulphate, the binding
rises sharply near the critical micelle concentration. In the presence of excess
micelles the amount bound is constant at 1.34 + 0.10 g/g (Fig. 3). In contrast
to the behaviour in dodecyl sulphate solutions, limited experiments at higher
ionic strength (buffer E) showed no significant change in the binding of deoxy-
cholate.
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Fig. 3. Sodium deoxycholate binding to basic protein at 25 t+ 2°C, measured by dialysis. Experiments
utilized buffers of ionic strength 0.12 (in buffer D; ©,®8) and 0.22 (buffer E; 0 ®), Dialysis was initiated
with protein solutions containing more than (0,2) or less than (#,®) the equilibrium deoxycholate con-
centration,

Formation of insoluble complexes was also noted with deoxycholate: as
with dodecyl sulphate, this precipitation precluded binding measurements
much below the critical micelle concentration even with dilute protein solu-
tions. Precipitation with dodecyl sulphate occurs when few micelles are present
but at similar protein concentrations aggregation is still evident well above the
critical micelle concentration with deoxycholate, and is markedly increased at
high ionic strength. To circumvent this problem the binding curve (Fig. 3) was
obtained by using low protein concentrations at low deoxycholate concentra-
tions.

Although deoxycholate binding presents interpretative difficulties because of
possible variations in micelle size, the smaller micellar size does permit a mea-
sure of the change in gross conformation of the protein on complex formation.
Within the limitations of the use of gel chromatography to determine Stokes
radii [17], preliminary measurements suggest little change in Stokes radius on
binding 1.34 g/g of deoxycholate. This may result from some compaction of
tertiary structure, in comparison with the coiled aqueous conformation, on
association with this surfactant.

Association with L-a-lysophosphatidylcholine

Even at binding ratio of 1.97 g dodecy! sulphate/g basic protein satisfactory
separation of bound and unbound detergent was obtained on Sephadex G-150.
But because of the larger micellar size (see Discussion) of the phospholipid a
similar separation was not achieved. On Sepharose 4B the distribution coeffi-
cient for basic protein without lipid added before chromatography, but in
buffer C containing 40 mg - 17! lysophosphatidylcholine, was 0.87 + 0.04. The
value for free micelles was 0.63 * 0.04 and the value for the lipid-protein com-
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plex was experimentally indistinguishable from this, obviating the possibility of
demonstrating thermodynamic reversibility of binding by the addition of an
initial excess of lipid to the protein. In experiments starting with 2.6—4.3 g
lipid/g protein the final ratio in the eluted peak was consistently higher and
typically 4.0 + 0.5. When 5—12 g lipid/g protein was added before chromatog-
raphy the final ratio was invariably close to the starting ratio, and the distribu-
tion coefficient remained 0.63 within the experimental error.

Mercaptoethanol was used as the included volume marker in these experi-
ments as bromophenol blue chromatographed with the lipid-protein complex.

Precipitation was not observed at any mixing ratio from 0 to 12 g lysophos-
phatidylcholine/g protein (the latter at 1 mg - ml1™!) at pH 7.4 or 10.2. At the
same concentration the protein did increase the light scattering of a 3.3 mg -
ml~! solution of egg L-a-diacylphosphatidylcholine at pH 9.05 [2,18].

Discussion

Myelin basic protein association with dodecyl sulphate and deoxycholate at
high concentrations

Dodecyl sulphate binding to basic protein is unusually large. Most proteins
have been found to bind about 1.4 g/g protein [19,20] although Nelson [21]
has noted that at an ionic strength of 0.4 (cf. maximum 0.30 in the present
work) ovalbumin binds up to 2.6 g/g and a similar amount is bound by the apo-
protein of human low density lipoprotein at 0.10 ionic strength [22]. High
levels of binding are not characteristic of basic proteins in general: histone IV
(with charge near +15 at pH 7), histone I, and lysozyme, for example, are
associated with a maximum of 1.4 g/g at 0.13 ionic strength and neutral pH
[19]. Binding to lysozyme is unchanged at ionic strength 0.26 [19], but some
variation with ionic strength has been noted for other proteins [21].

Basic protein also binds an unusually large amount of deoxycholate. Previous
studies have shown this detergent to bind only to exposed hydrophobic
domains on protein molecules and not to proteins which lack hydrophobic sites
in the native state [23].

Binding of dodecyl sulphate to globular proteins is generally a positively
cooperative process which begins below the critical micelle concentration and
results in denaturation [19,24]. In contrast, myelin basic protein binds little
below 0.3 mM and undergoes a marked increase in binding near the critical
micelle concentration.

The final conformation of the protein [25,26] in dodecy! sulphate solutions
more closely resembles that of the protein associated with lipid bilayers
(Keniry, M.A.and Smith, R., unpublished data) than the initial coiled structure,
and probably represents a conformational transition towards the native state
rather than the usual divergence observed with globular proteins. In contrast to
dodecyl sulphate, deoxycholate does not normally cause significant conforma-
tional changes on binding to proteins [27].

In Table IV the published micellar weights are used with the binding data
from the current work to calculate the number of micelles, with micelle
number assumed unchanged on protein binding, bound to basic protein at both
ionic strengths studied. The levels of binding correspond closely to those
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TABLE IV
ANALYSIS OF DODECYL SULPHATE BINDING TO BASIC PROTEIN

Ionic strength 0.10 0.30

Dodecyl sulphate micellar weight 21900 * 31 000—34 000 *
Calculated binding ratio (w/w) for two micelles/protein molecule 2.38 3.36—3.70
Observed binding ratio 2.30 = 0.15 3.58 £ 0.12

* From Refs. 10 and 11,

expected for association of two micelles with each polypeptide. The marked
decrease in micelle size which results from a decrease in ionic strength is
quantitatively reflected in the binding ratio: the change is in the opposite direc-
tion to that which would be expected were binding mediated by coulombic
forces between surfactant monomers and the protein [28]. Monomer binding
to basic protein, if significant, might also be expected to occur at lower free
detergent concentrations than with many proteins, as the open coiled confor-
mation [29] of this protein should ensure ready accessibility of all potential
binding sites.

Similar analysis of the association with deoxycholate suggests that at the
highest free concentrations of this surfactant several micelles are bound to each
protein molecule (Table V). However, even at moderate ionic strengths deoxy-
cholate micelles are small [30] and as the aggregation number is sensitive to
interaction with other molecules [31] it cannot be assumed that the micellar
weight remains even approximately constant upon interaction with basic pro-
tein. An association, similar to that observed with dodecyl sulphate, but with
two micelles of deoxycholate which are considerably larger than the free
micelles may occur.

Thus several features of the binding indicate that, unlike most proteins,
myelin basic protein associates primarily with micelles of both detergents.
Micellar interaction has also been proposed for a few other proteins, such as the
hydrophobic domain of cytochrome bs [32].

Basic protein association with dodecyl sulphate and deoxycholate at low con-
centrations

Sedimentation analysis shows that close to the critical micelle concentration
the protein becomes dimeric, an observation reinforced by the recent demon-
stration by Golds and Braun [54] that covalently cross-linked dimers can be
isolated following reaction of basic protein with bifunctional cross-linking
reagents in dodecyl sulphate solutions.

TABLE V
ANALYSIS OF ASSOCIATION OF BASIC PROTEIN WITH DEOXYCHOLATE

Micellar weight in 0.15 M sodium chloride at 20°C, pH 8—9 6290 *
Observed binding rate ratio (w/w) at 0.10 and 0.20 ionic strengths 1.34 + 0.10
Micelles bound 3.9 +0.3%*x

* From Ref, 30.
** This calculation assumes no change in micelle size on binding to the protein (see text).
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Binding of one micelle/two polypeptide chains might, on the basis of data
presented in Table IV, be expected to yield a binding ratio of 0.93 rather
than the observed value of 0.5. However, micelle size is approximately constant
only well above the critical micelle concentration: close to this concentration
the micelle number is expected to vary rapidly in an as yet unpredictable
fashion. Indeed, the existence of micelles below the critical micelle concentra-
tion is not unexpected as this concentration is not well defined [33]. This
possibility is enhanced if the protein can act as a nucleation centre for dodecyl
sulphate micelles by lowering the chemical potential of a monomer in the
micelle-protein complex below that of a monomer in a protein-free micelle, for
example by reducing the electrostatic repulsion between headgroups (see e.g.
Ref. 34). This effect would parallel the decrease in critical micelle concentra-
tion caused by increased counterion binding to micelles at high ionic strength.
The apparently low binding could therefore still derive from association of a
single micelle with two basic protein molecules.

Although hydrophobic interactions between proteins and dodecyl sulphate
are now well-established the precipitation of other proteins by this detergent
has been noted [35] to occur only when the proteins are below their isoelec-
tric points, i.e. with cationic proteins. It was concluded that ionic interactions
were dominant in producing the gross aggregation. The precipitation induced
by basic protein appears to be less dependent on simple coulombic attaction.
Precipitation appears not to be limited to pH values below the isoelectric point,
remaining appreciable beyond pH 11.57 (Table II) although the isoelectric
point has been reported to be 10.8 * [36]. Further, if the formation of
insoluble complexes were dependent only on reduction of the net charge on
the polypeptide by bound detergent both peptides produced by proteolytic
cleavage at the tryptophan residue (residue 116) would also aggregate at low
dodecyl sulphate concentrations. Yet, as noted by Jones and Rumsby [13],
these basic peptides show no such precipitation over a wide range of detergent
concentration, implying that integrity of the polypeptide is prerequisite.

The precipitate that forms at low dodecyl sulphate concentrations appears
not to have fixed stoichiometry. Formation of an extended aggregate of vari-
able composition is readily explicable if basic protein molecules are capable
of binding to at least two micelles (as demonstrated in the presence of excess
micelles) and each micelle can associate with two or more polypeptides.

Although qualitatively similar, the precipitation observed at low deoxy-
cholate/protein ratios occurs even in the presence of excess micelles.

Basic protein association with lysophosphatidylcholine

Egg lysophosphatidylcholine micelles in water at 25°C have a number-
average molecular weight of 98 800 [42] and the corresponding stearoyl lipid
has a micellar weight of 65 500 in 0.16 M NaCl. The micelle size of this
zwitterionic lipid is expected to show only minor variations with salt con-

* Examination of the published amino acid sequence of the bovine protein [37] suggests an isoelectric
point above 12, but this value would be reduced by such in vitro and in vivo modifications as phos-
phorylation and deamidation [38]. Because of possible variations in these modifications from one
preparation to another the value given is necessarily approximate.
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centration at moderate ionic strength, hence a value of 65 500 for egg lyso-
phosphatidylcholine (50% stearoyl and 50% palmitoyl) at 0.30 ionic strength
has been used in this work. Binding of one micelle/basic protein molecule
would correspond to a lipid : protein weight ratio of 3.53. The reasonable
correspondence of the calculated and experimental (4.0 + 0.5) values, and the
equal distribution coefficients for the free micelles and the complex indicates
that the protein binds to single micelles. Under the conditions employed there
was no indication that the protein could simultaneously interact with two
micelles. The absence of precipitation at low lipid/protein ratios reinforces this
conclusion. Observation that at pH 9 basic protein appears to cross-link vesicles
of egg phosphatidylcholine but not lysophosphatidylcholine micelles re-em-
phasizes the conclusion, drawn from studies of conformational transitions
accompanying binding to these lipids (Keniry, M.A. and Smith, R., unpublished
observations), that the mode of association differs for these similarly structured
lipids.

The nature of the lipid binding sites on basic protein

Basic protein has been shown to interact with negatively charged lipids
[46—49]. But the interaction with dodecyl sulphate involves more than elec-
trostatic attraction as demonstrated by studies of tryptophan fluorescence
[43], and the observation of selective broadening of 'H NMR resonances asso-
ciated with aromatic and aliphatic side-chains in the presence of this deter-
gent [26].

Hydrophobic interactions are also evident in the association of basic protein
with other lipids, particularly zwitterionic lipids [18,25,44—47]. Similar
changes in protein secondary structure are also induced by ionic detergents and
lysophosphatidylcholine (Refs. 25, 26 and 50; Keniry, M.A. and Smith, R., un-
published data).

Evidence exists for location of lipid binding sites on both ends of the poly-
peptide chain. Peptides 1—89 and 90—170 produced by cleavage with cathepsin
D bind to phosphatidylserine and phosphatidylcholine to the same extent (on a
mol basis) as the intact protein (Keniry, M.A. and Smith, R., unpublished
results). London et al. [46] have similarly observed that peptides 1—116 and
117—170 both increase the surface pressure of cerebroside sulphate mono-
layers, the N-terminal peptide interacting hydrophobically [44,46]. Rumsby
[4] have proposed that the C-terminal fragment is ionically bound to lipids.
However, this conclusion, and several other reports of purely ionic binding of
basic protein to lipids [51—53], was based on studies in biphasic solvent
systems which would not necessarily reveal hydrophobic interactions.

We have recently proposed on the basis of interaction with egg phosphatidyl-
choline, that basic protein can non-covalently cross-link lipid bilayers. The
finding that it can also bind two dodecyl sulphate micelles reinforces this con-
clusion in that it provides evidence for two discrete binding sites on the pro-
tein. The earlier evidence did not allow distinction between cross-linking by
pairs of basic protein molecules and single molecules (Fig. 4). By demon-
strating that each molecule possesses two lipid binding sites the latter is seen to
provide a feasible mechanism. Bridging also by pairs of protein molecules
(Fig. 4a) cannot be completely discounted, but the behaviour of the protein in
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lipid

B

Fig. 4. Schematic illustration of two possible modes of lipid bilayer cross-linking by basic protein. It is
not implied that the protein structure or the extent of bilayer penetration by the protein is necessarily
as represented here.

detergent solutions at pH 7.4 has yielded no evidence for this mechanism.

Experiments with fragments of basic protein are expected to facilitate
further definition of the nature of the interaction of both sites with lipids, and
to provide a clearer insight into the molecular mechanism of cross-linking.
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