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Abstract

Myelin basic protein is a water soluble membrane protein which interacts with acidic lipids through some type of
hydrophobic interaction in addition to electrostatic interactions. Here we show that it can be labeled from within the lipid
bilayer when bound to acidic lipids with the hydrophobic photolabel 3-(trifluoromethyl)-3-(m-[125I]iodophenyl)diazirine
(TID) and by two lipid photolabels. The latter included one with the reactive group near the apolar/polar interface and one
with the reactive group linked to an acyl chain to position it deeper in the bilayer. The regions of the protein which interact
hydrophobically with lipid to the greatest extent were determined by cleaving the TID-labeled myelin basic protein (MBP)
with cathepsin D into peptides 1^43, 44^89, and 90^170. All three peptides from lipid-bound protein were labeled much more
than peptides from the protein labeled in solution. However, the peptide labeling pattern was similar for both environments.
The two peptides in the N-terminal half were labeled similarly and about twice as much as the C-terminal peptide indicating
that the N-terminal half interacts hydrophobically with lipid more than the C-terminal half. MBP can be modified post-
translationally in vivo, including by deamidation, which may alter its interactions with lipid. However, deamidation had no
effect on the TID labeling of MBP or on the labeling pattern of the cathepsin D peptides. The site of deamidation has been
reported to be in the C-terminal half, and its lack of effect on hydrophobic interactions of MBP with lipid are consistent with
the conclusion that the N-terminal half interacts hydrophobically more than the C-terminal half. Since other studies of the
interaction of isolated N-terminal and C-terminal peptides with lipid also indicate that the N-terminal half interacts
hydrophobically with lipid more than the C-terminal half, these results from photolabeling of the intact protein suggest that
the N-terminal half of the intact protein interacts with lipid in a similar way as the isolated peptide. The similar behavior of
the intact protein to that of its isolated peptides suggests that when the purified protein binds to acidic lipids, it is in a
conformation which allows both halves of the protein to interact independently with the lipid bilayer. That is, it does not
form a hydrophobic domain made up from different parts of the protein. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

About 30% of the protein of central nervous sys-
tem myelin consists of a single protein, myelin basic
protein (MBP). MBP is thought to be responsible for
adhesion of the intracellular surfaces of the compact
multilayered myelin sheath in the central nervous
system. It is located at the major dense line of myelin
[1,2] and it causes adhesion of lipid vesicles contain-
ing negatively charged lipids [3^5]. Although MBP is
a water soluble protein which binds to acidic lipids
mainly by electrostatic interactions, it also appears to
interact with the lipid bilayer through some type of
hydrophobic interactions. MBP has a pronounced
perturbing e¡ect on the lipid acyl chains. It increases
vesicle permeability [6], decreases the temperature
and enthalpy of the gel to liquid crystalline phase
transition [7^10], increases the surface pressure of
lipid monolayers [11,12], and a¡ects the motion of
fatty acid spin labels with the nitroxide label close
to the terminal methyl group [8^10,13]. In addition,
it can be labeled from within the bilayer by the
hydrophobic photolabel 3-(tri£uoromethyl)-3-(m-
[125I]iodophenyl)diazirine (TID) [5,14]. On interac-
tion of the protein with lipid, it is partially protected
from tryptic hydrolysis [15] and the NMR resonances
of some residues are broadened or show chemical
shifts [16^20]. All of these e¡ects could be caused
by MBP lying on the surface of the bilayer, as in-
dicated by X-ray di¡raction [21], with hydrophobic
side chains of some amino acids penetrating partway
into the bilayer, or the protein may disorganize the
bilayer so that the lipid chains interact with the pro-
tein on the surface. Alternatively, the protein may
fold into a tertiary structure with a hydrophobic do-
main. In aqueous solution, the protein has a hydro-
phobic site which can bind heme and other hydro-
phobic molecules [22^24].

A number of studies have attempted to delineate
which part of the protein participates in this hydro-
phobic interaction the most. Many of these studies
have made use of peptides, particularly those ob-
tained by cleavage with BNPS-skatole, which gives
an N-terminal two thirds portion, 1^115, and a C-
terminal one third portion, 116^169, of MBP (bovine
MBP residue numbers) [9,11,25^28]. However, if
MBP takes up a tertiary structure in which residues
from several regions of the protein are involved in

forming a hydrophobic domain, this would be dis-
rupted by cleaving the protein into peptides. Indeed,
some studies suggest that the interaction with lipid of
intact MBP is di¡erent from that of the large pep-
tides 1^115 and 116^169 of bovine MBP [26] and 1^
98 and 99^179 of porcine MBP [20]. Therefore a
technique by which domains of the intact protein
interacting with lipid can be determined may provide
more relevant information. In this study we have
labeled the protein bound to acidic lipid bilayers
with the hydrophobic photolabel TID [29] and with
two lipid photolabels which should position the pho-
tosensitive group at two locations in the bilayer, a
shallow one relatively close to the apolar/polar inter-
face, and a deeper one closer to the center of the
bilayer [30]. We then determined which regions of
the protein are labeled by TID by peptide mapping
using cathepsin D to digest the protein.

MBP isolated from myelin exhibits charge micro-
heterogeneity due to post-translational modi¢cations
which increase its negative charge, such as deamida-
tion and phosphorylation [31^33]. These may alter
the interactions of MBP with lipid by decreasing
the degree of hydrophobic interaction. Di¡erent
charge isomers of MBP resulting from these modi¢-
cations can be puri¢ed by cation-exchange chroma-
tography [34,32]. In this study we have compared the
regions labeled by TID of the two most cationic
charge isomers, C1 and C2, of human MBP. C2
has one more negative charge than C1 due primarily
to deamidation [33,31,35,36].

2. Materials and methods

2.1. Chemicals

Dipalmitoylphosphatidylglycerol (DPPG), egg
phosphatidylcholine (PC), and phosphatidylglycerol
(PG) prepared from egg PC were purchased from
Avanti (Birmingham, AL). Dipalmitoylphosphatidyl-
choline (DPPC) and psychosine were purchased from
Sigma (St. Louis, MO). All were chromatographi-
cally pure and were stored at 320³C. Spleen cathep-
sin D was purchased from Sigma. An ethanolic sol-
ution of TID (speci¢c activity 10 mCi/Wmol) was
purchased from Amersham (Canada). g-Aminoca-
prylic acid, 9-£urenylmethylchloroformate, N,NP-dis-
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uccinimidylcarbonate, and N-hydroxysuccinimide
were purchased from Aldrich (Milwaukee, WI).
4-Azidobenzoic acid was purchased from Chemical
Dynamics (South Plain¢eld, NJ) and succinimidyl-
4-azidobenzoate-3,5-[3H]) (speci¢c activity, 41.6 Ci/
mmol) was purchased from NEN-Dupont (Boston,
MA).

2.2. Puri¢cation of MBP and fractionation into
charge isomers

MBP consisting predominantly of the 18.5 kDa
isomer was prepared from bovine and from human
brain white matter as described by Cheifetz and Mo-
scarello [4]. The human tissue was obtained postmor-
tem from patients who had had Alzheimer's disease
and was supplied by the Canadian brain tissue bank
(Toronto, ON). The MBP puri¢cation method is the
extensively used procedure of chloroform/methanol
delipidation followed by extraction with acid. The
possibility that the protein is denatured cannot be
excluded. However, there is no procedure available
for extraction of MBP which is known to prevent
any putative denaturation since there is no way to
determine whether this protein is in its native con-
formation. However, MBP puri¢ed by similar proce-
dures as used here was found by Gow and Smith [37]
using CD spectroscopy to have a similar conforma-
tion as MBP extracted with CaCl2 in the absence of
denaturants. These authors have argued that this sin-
gle chain protein which lacks cysteine should be able
to refold spontaneously to its thermodynamically
stable state in di¡erent environments.

The human MBP was fractionated into its charge
isomers by ion-exchange chromatography at alkaline
pH on CM52 as described [4,31]. The charge isomers
were further puri¢ed by chromatography on Sepha-
dex G-75 in 0.1% tri£uoroacetic acid (TFA) as de-
scribed [38]. C1 and C2 gave single bands at the
position expected for the 18.5 kDa isomer of MBP
by polyacrylamide gel electrophoresis (PAGE) per-
formed according to Laemmli [39]. Amino acid anal-
yses, performed at the Hospital for Sick Children/
Pharmacia Biotechnology Centre on a Waters
PICO-TAG system, gave the amino acid composition
expected for MBP; the expected number of arginines
(19/mole protein) were detected for both C1 and C2
(not shown) indicating that C-terminal Arg loss from

C2 was not responsible for its lower net positive
charge. We found that C1 had similar CD spectra
in solution and in the presence of detergent as found
by Gow and Smith [37] for MBP extracted with
CaCl2 (K.M. Koshy, J.M. Boggs, unpublished). Ad-
dition of detergent induced signi¢cantly more secon-
dary structure for C1 as found for MBP extracted
with CaCl2.

2.3. Synthesis of GalCer photolabels

Cold succinimidyl azidobenzoate was synthesized
from 4-azidobenzoic acid and N-hydroxysuccinimide
as described [40] and used for trial syntheses of the
GalCer photolabels. It was also used to lower the
speci¢c activity of purchased [3H]succinimidylazido-
benzoate to a speci¢c activity of 0.216 mCi/Wmole
for synthesis of [3H]N-(4-azidobenzoyl)galactosylcer-
amide (GalCer-PL). [3H]Succinimidylazidobenzoate
(250 WCi) was reacted with 0.5 mg of psychosine in
250 Wl of a mixture of THF, water, and triethylamine
(90:10:5) for 18 h. The solvent was removed under a
stream of nitrogen and the residue dried under vac-
uum. GalCer-PL was puri¢ed by TLC on silica gel
plates using chloroform/methanol (80:20) as the sol-
vent. The speci¢c activity was estimated at 0.09 mCi/
Wmole based on the radiochemical yield.

For synthesis of [3H]N-(g-4-azidobenzoylamido)-
capryloyl galactosylceramide, N-(g-aminocapryloyl)-
psychosine was synthesized by an adaptation of the
method of Sonnino et al. [41]. The Fmoc derivative
of g-aminocaprylic acid obtained by the reaction of
9-£urenylmethylchloroformate with g-aminocaprylic
acid was converted to the N-hydroxy succinimide
ester by reaction with N,NP-disuccinimidyl carbo-
nate. The product was reacted with psychosine in
the presence of triethylamine in DMF. The protect-
ing group was removed using 20% piperidine in THF
to give N-(g-aminocapryloyl)psychosine. The latter
was puri¢ed by column chromatography on silica
gel using chloroform/methanol/ammonium hydrox-
ide (80:20:1) as the eluting solvent.

375 WCi of [3H]succinimidylazidobenzoate adjusted
to 1.2 mCi/Wmole with cold succinimidylazidoben-
zoate was reacted with 0.2 mg of N-(g-aminocapryl-
oyl)psychosine dissolved in 150 Wl of THF/water/
triethylamine (90:10:5) for 18 h. The product,
[3H]N-(g-4-azidobenzoylamido)capryloyl galactosyl-
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ceramide (GalCer-C8-PL) was puri¢ed as above. The
speci¢c activity was estimated at 0.43 mCi/Wmole.

Each step of these synthetic procedures was care-
fully monitored by micro-thin layer chromatography
using appropriate visualizing reagents such as orcinol
for the sugar head group, ninhydrin for the free ami-
no group, iodine vapor, and radioactivity where fea-
sible. The products at each stage had the character-
istics expected, e.g. presence or loss of a free amino
group, TLC mobility, etc.

2.4. Preparation of vesicles

The dry lipid was dispersed in bu¡er at a concen-
tration of 4 mg/0.75 ml by vortex mixing at a temper-
ature above the lipid phase transition temperature to
give large multilayered vesicles. The bu¡er contained
10 mM NaCl and 10 mM HEPES and was adjusted
to pH 7.4. 30 mM glutathione was included in early
experiments but was found to have no e¡ect on the
labeling of MBP and was later omitted. C1 or C2
was dissolved in the bu¡er at a concentration of
4 mg/ml and the pH was checked. 0.25 ml was added
to the lipid suspension so that the protein to lipid
weight ratio was 1:4. The sample was vortexed again
and incubated at a temperature above the lipid phase
transition temperature for at least 3 min. In order to
label protein in the absence of lipid, 0.25 ml of pro-
tein solution was added to 0.75 ml of bu¡er.

2.5. Photolabeling reaction with TID

TID was diluted with 0.4 ml ethanol. The samples
to be labeled were £ushed with nitrogen and 4^8 Wl
of TID solution containing approx. 1^2U107 cpm
were added to 1 ml of vesicle suspension and the
sample was mixed in the dark. It was equilibrated
at room temperature in the dark for 20^30 min and
then irradiated for 2 min using a 100 W high pres-
sure Hg lamp (Photochemical Research Associates,
London, ON) with the sample tube immersed in ice/
water as described [14,5]. The light beam was cooled
by passage through a reservoir of circulating cold
water and directed through a ¢lter consisting of a
saturated solution of CuSO4.

The labeled protein was delipidated as described
previously [14] with some modi¢cations. The sample
was acidi¢ed to pH 1 with 2 N HCl and extracted

with 4 ml of acidi¢ed chloroform/methanol 1:1 (v/v)
containing 5% 0.1 N HCl. The extraction was re-
peated three times with fresh organic phase. The
aqueous phase was then lyophilized, redissolved in
2 ml 0.05% TFA and chromatographed on C18
Sep-Pak columns (1 ml per column) (Waters, Mil-
ford, MA) in order to remove small molecular weight
labeled compounds. The MBP was eluted with 40%
acetonitrile containing 0.05% TFA. 40^80% of the
labeled protein was recovered in the 40% acetonitrile
eluate. Eluates from the same sample were pooled
and lyophilized. The protein was redissolved in 1 ml
of distilled water and aliquots were counted in a Q
counter and assayed for protein content by the meth-
od of Peterson [42]. 5^10 Wg/lane was loaded on pre-
cast 16% acrylamide tricine gels (Novex, San Diego,
CA) [43]. SDS-PAGE was performed at 100 V (con-
stant voltage) until the tracking dye reached the bot-
tom of the gel. After staining with 0.05% Coomassie
brilliant blue R and destaining as described [44], the
gel was sliced into ten strips of approximately equal
width, keeping stained bands intact, and the strips
were counted in a Q counter. 1 ml of a color-eluting
solution (3% SDS in 50% isopropanol) was added to
the gel strips and they were incubated at 37³C for
24 h [44]. Absorbance of the dye at 595 nm (A595nm)
was read in a spectrophotometer. Background values
of both cpm and absorbance were obtained from
regions of the gel far removed from any bands and
were subtracted from the values due to the bands.
Speci¢c activities were then obtained as cpm/A595nm.
In some cases, autoradiograms were prepared and
the autoradiograms and the Coomassie blue stained
gel were scanned on a densitometer. Speci¢c activ-
ities of each band were determined as the ratio of
densities of the autoradiogram to that of the stained
gel. Similar results were obtained by both proce-
dures.

TID labels lipid in addition to protein. Therefore
the puri¢cation procedures must be able to remove
all labeled lipid from the protein. Control experi-
ments were performed to determine if this was the
case. Lipid vesicles in the absence of MBP were la-
beled similarly with TID and MBP was added after
irradiation. The samples were treated similarly to
those in which MBP was added before irradiation.
When MBP was added after irradiation, the speci¢c
activity of the MBP band was not above background

BBAMEM 77568 25-2-99

J.M. Boggs et al. / Biochimica et Biophysica Acta 1417 (1999) 254^266 257



levels indicating that the extraction and puri¢cation
procedures and gel electrophoresis resulted in remov-
al of all TID-labeled lipid and other compounds
from the protein.

2.6. Photolabeling with lipid photolabels

Lipid-C1 vesicles containing the GalCer photola-
bels (2.8U106 cmp/mg lipid) were prepared as de-
scribed above except that the ¢nal lipid concentra-
tion of the vesicle suspension was 0.53 mg/ml. The
lipid photolabels were incorporated by combining
chloroform solutions of the lipid and photolabel,
evaporating the solvent under nitrogen, followed by
evacuation in a lyophilizer for 2 h, before hydration
with bu¡er and addition of C1 at a protein to lipid
weight ratio of 1:4. The sample was equilibrated in
the dark at room temperature for 20 min and irra-
diated for 30 s, using the same lamp described above
with the copper sulfate ¢lter replaced by a short
wavelength cut-o¡ ¢lter (Oriel, Stratford, CT) to
cut o¡ wavelengths below 235 nm. The short irradi-
ation time was found to cause no degradation of
MBP. In order to determine the amount of labeled
lipid which was non-covalently bound to the peptide
after gel electrophoresis, a control sample of vesicles
without C1 was also photosensitized. Unlabeled C1
was added to the photosensitized vesicles, using the
same procedures as when adding it to lipid before
photosensitization. The control samples as well as
the other samples were run on gels as described be-
low.

2.7. Quantitation of lipid photolabel bound to C1

Since C1 did not run as far as labeled lipid on the
gels, we were able to separate the protein from la-
beled lipid by SDS-PAGE without prior extraction
of the lipid. 5 Wg MBP/lane was loaded onto each of
three adjacent lanes on 16% tricine gels. After elec-
trophoresis, staining, and destaining as described
above, the gel was scanned in a gel scanner (White/
UV Transilluminator, DiaMed Lab Supplies, ON).
The band intensity was integrated using UVP
Grab-It software. For elution of the radioactive pro-
tein from the gel, each lane was sliced into 14 strips
keeping the three adjacent lanes loaded with the
same sample together. Each strip of three lanes was

placed into scintillation vials in small pieces. Gel ox-
idizing solution, freshly made from 19 parts of 30%
H2O2 and 1 part of 14.8 M NH4OH [45], was added
(900 Wl/vial), the vials were incubated at 37³C over-
night, and the solution was neutralized by addition
of 100 Wl of glacial acetic acid per vial. Finally, 6 ml
of scintillation cocktail was added and 3H radioac-
tivity was counted in a L counter. Labeled lipid ap-
peared in strips well below the C1 band. Control
samples, in which the protein was added to the la-
beled vesicles after irradiation, had low counts (12%
or less of the values for protein added before irradi-
ation for both PC and PG) in the gel slice containing
the protein indicating that most of the non-cova-
lently bound lipids were removed by SDS-PAGE.
Speci¢c activities were obtained (cpm/Wg) for con-
trols and samples. After subtraction of control val-
ues, the sample values were divided by the original
radioactivity available per Wg protein and multiplied
by 100 to give % labeling values (percent of added
photolabel bound to protein).

2.8. Cathepsin D digestion

TID-labeled bovine MBP (used to work out the
conditions and conserve puri¢ed human C1 and
C2) and human C1 and C2 were digested with ca-
thepsin D using a modi¢cation of the procedure of
Vacher et al. [22]. Photolabeling has been found to
alter fragmentation patterns by preventing cleavage
at modi¢ed residues [46]. We also found that labeled
MBP was often cleaved less readily than unlabeled
MBP and that the relative speci¢c activities of the
di¡erent peptides depended on the degree of cleav-
age. Therefore, only cathepsin D digests in which
complete digestion of the protein was obtained,
were processed further to determine the speci¢c ac-
tivity of the peptides from C1 and C2. The enzyme to
protein ratio and incubation time were adjusted in
order to obtain complete digestion of TID-labeled
MBP. To samples of MBP (50 Wg/30 Wl) in 0.01 M
sodium citrate bu¡er, pH 3.5, were added various
amounts of a cathepsin D solution in the same bu¡er
(2.5 Wg/10 Wl) to achieve weight ratios of cathepsin D
to MBP of 1/200 to 1/25. The samples were incu-
bated at 37³C for 4 h, frozen, and lyophilized. In
order to identify the peptides, the digest was dis-
solved in 0.05% TFA and the peptides were sepa-
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rated by HPLC on a Waters reversed phase C18
WBondapak column using an acetonitrile gradient.
Fractions were lyophilized, dissolved in sample buf-
fer, and run on tricine gels. The peptides were iden-
ti¢ed from the amino acid compositions determined
by amino acid analysis as described above (not
shown). Cathepsin D digests of TID-labeled protein
were run on tricine gels and the speci¢c activity of
each peptide was determined either by autoradiogra-
phy or by counting gel slices and eluting the dye as
described above. For counting, duplicate or triplicate
lanes were run and counted together. In each experi-
ment using a new sample of vesicles, the digestion,
gel electrophoresis, and determination of speci¢c ac-
tivity were repeated several times. The speci¢c activ-
ities of peptides 44^89 and 90^170 were normalized
to that of 1^43 and normalized values from all such
determinations were averaged.

Cleavage of labeled C1 and C2 with cyanogen bro-
mide to give peptides 1^21 and 22^170 and with
BNPS-skatole to give peptides 1^116 and 117^170
[9,11,47], was also carried out but neither reagent
gave complete cleavage, precluding use of the TID
labeling data on these peptides.

3. Results

The ability of TID to label the puri¢ed human
MBP charge isomers C1 and C2 from the lipid bi-
layer was determined similarly to our earlier studies
with unfractionated bovine MBP containing a mix-
ture of charge isomers [14,5]. Although MBP is a

water soluble protein, it is signi¢cantly labeled by
TID when bound to acidic lipid vesicles. At the lipid
to protein ratios used in this study and in the gel
state of the synthetic lipid DPPG, 2^6% of the total
TID added is bound to MBP (Table 1). Although
MBP decreases the phase transition temperature of
acidic lipids, the MBP-DPPG complex is still in the
gel phase at the temperature used for photolabeling
[10]. In the liquid crystalline phase of natural lipids
such as egg PG, the amount of TID bound to MBP

Table 1
Comparison of labeling of C1 by TID and lipid photolabels in solution and bound to acidic lipida

Lipid TID GalCer-PL GalCer-C8-PL

% photolabeling PG/PC % photolabeling PG/PC % photolabeling PG/PC

DPPC 0.42 þ 0.22
DPPG 3.7 þ 2.0 9.4 þ 4.6

n = 5
Egg PC 0.15 0.07 þ 0.01 0.11
Egg PG 0.5 3.3 1.4 þ 0.3 20.7 þ 6.6 1.8 þ 0.5 15.7

n = 3 n = 3
aPercentage of photolabel added which reacted with protein and ratio of PG to PC values. Mean þ standard deviation is shown for %
photolabeling except in those cases where only one experiment was carried out. Speci¢c activity was determined as cpm/Wg protein by
cutting out protein bands from gels. The di¡erence in TID labeling between natural and synthetic lipids is similar to that which we re-
ported earlier [14].

Fig. 1. Coomassie blue stained tricine gel of (a) cathepsin D to-
tal digest of bovine MBP; (b^e) HPLC fractions of cathepsin
D digest ; (f) undigested bovine MBP. (b) peak 1, (c) peak 2,
(d) peak 3, (e) peak 4 of HPLC chromatogram shown in Fig.
2. Lane a is from a di¡erent gel than b^f.
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is about 10% of that in gel phase lipids (Table 1 and
[14]]. We have attributed this to a deeper location of
TID in the bilayer in the liquid crystalline phase
farther away from MBP near the surface of the bi-
layer [14]. If a higher ratio of lipid to protein is used,
a lower percentage of TID is transferred to MBP due
to greater competition by the lipid for TID. How-
ever, labeling of MBP is still signi¢cant and greater
than that reported for other water soluble proteins
bound to lipid bilayers [46,48].

MBP is also labeled by TID in aqueous solution in
the absence of lipid (not shown). However, due to
the competition by lipid for TID, the degree of label-
ing of MBP in the absence of lipid cannot be com-
pared to that in the presence of lipid. In order to
compare the labeling of lipid-bound MBP to that
of unbound MBP in solution under similar condi-
tions, it is compared to the labeling of MBP in the
presence of DPPC or egg PC [14]. MBP does not
bind to large vesicles of DPPC or egg PC [8]
although it has been reported to cause fragmentation
of PC bilayers [49] and to bind to monomers of PC
[28] and micelles of lyso PC [16]. This could contrib-
ute to the labeling of MBP in the presence of PC. In
addition, MBP may dimerize in solution [71] forming
hydrophobic sites from which water is excluded,
which are then labeled by TID, as found for several
other proteins in solution [61,62].

MBP was labeled signi¢cantly more when bound
to DPPG than when in solution in the presence of
DPPC as shown for C1 in Table 1. On average, both
charge isomers, C1 and C2, were labeled 5^6 times
more when bound to DPPG than when in the pres-
ence of DPPC (Table 2). In natural lipids, the label-

ing of C1 bound to egg PG was 3 times higher than
that in the presence of egg PC (Table 1). These re-
sults are consistent with our previous study [14]. This
greater labeling of MBP when bound to acidic lipid
must occur from within the lipid bilayer. Since any
carbene generated from TID in the aqueous phase
would be scavenged e¤ciently by water, it is consid-
ered very unlikely that lipid-bound TID labels lipid-
bound protein at any site exposed to water molecules
[59].

The ability of photolabels to label MBP from
within the lipid bilayer was con¢rmed using two lipid
photolabels, GalCer-PL and GalCer-C8-PL. Only
liquid crystalline phase egg PC and egg PG were
used because of the probability of phase separation
of the lipid photolabels in gel phase lipids. 1.4^1.8%
of the lipid photolabels reacted with C1 bound to egg
PG vesicles, while only 0.07^0.11% reacted with the
protein in solution in the presence of egg PC vesicles
(Table 1). C1 bound to PG was consistently labeled
about 33% more by the deeper GalCer-C8-PL than
by the more shallow GalCer-PL. The much greater
labeling of the protein in PG relative to that in sol-
ution by these lipid photolabels indicates that the
protein is readily labeled by photolabels from within
the lipid bilayer. This supports the conclusion that
the labeling of the protein bound to PG by the more
water soluble TID is also due to labeling from the
lipid bilayer. These results indicate a close associa-
tion of MBP with the bilayer. We showed earlier that
MBP was labeled signi¢cantly more by TID than

Fig. 2. HPLC chromatogram of cathepsin D digest of bovine
MBP eluted with an acetonitrile gradient. Peaks 1^4 were run
on the tricine gel shown in Fig. 1b^e.

Fig. 3. Coomassie blue stained tricine gel (a,b) and autoradio-
gram (c) of human C1: (a) undigested unlabeled C1; (b,c) ca-
thepsin D digest of C1 labeled with TID.
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polylysine bound to DPPG indicating that this close
association of MBP with the bilayer is not due sim-
ply to electrostatic binding to the bilayer, but to
some degree of hydrophobic interaction of MBP
with the bilayer.

The greater labeling of the protein bound to egg
PG by the lipid photolabels than by TID is probably
due to the lower reactivity with lipid C-H bonds of
the nitrenes generated from the aryl azide lipid pho-
tolabels compared to the carbenes generated from
TID [50,51]. Thus lipid does not compete with the
protein for the lipid photolabels as e¡ectively as it
does for TID. The greater labeling of C1 in solution
by TID in the presence of DPPC compared to egg
PC is probably due to the three times greater solu-
bility of TID in egg PC compared to gel phase DPPC
[14].

Although the mean relative labeling of C2 by TID
was somewhat greater than that for C1 (Table 2) the
di¡erences were not statistically signi¢cant. Further-
more, in three experiments where both C1 and C2

Fig. 4. TID labeling pro¢le of cathepsin D digests of C2 (A,B) labeled in the presence of DPPC and (C,D) labeled in DPPG and run
on a tricine gel. Cpm due to bound TID (¢lled bars, A,C) determined by counting gel slices. Absorbance (Abs) due to Coomassie
blue dye eluted from gel slices (shaded bars, B,D). Gel slices are labeled 1^10 starting from the bottom of the gel and end one slice
above the location of intact C2 (at band 9) since no other Coomassie blue stained bands were apparent in gels of digests or in gels of
undigested MBP.

Table 2
Comparison of labeling of C1 and C2 by TID from lipid bi-
layer

Relative labelinga

C1 C2

4.7 þ 1.3 6.1 þ 1.1
n = 9 n = 5
aRatio of speci¢c activity of labeled protein bound to DPPG to
that of protein in presence of DPPC. Speci¢c activities were de-
termined from cutting out bands from gels in some cases as in
Table 1, and in other cases from autoradiograms of gels. The
mean þ standard deviation is shown.
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were used at the same time, C2 was labeled more
than C1 in only one of them. Thus there was no
signi¢cant di¡erence in labeling of C1 and C2 by
TID from the lipid bilayer.

After TID labeling of bovine MBP or human C1
and C2 either bound to DPPG, in aqueous solution
in the presence of DPPC, or in aqueous solution in
the absence of lipid, the extracted proteins were then
digested with cathepsin D in order to determine the
relative labeling of di¡erent domains of the two
charge isomers in di¡erent environments. Cathepsin
D has been reported to cleave bovine and guinea pig
MBP at two sets of Phe-Phe linkages (for bovine
MBP at Phe-Phe 42^43 and 88^89 giving peptides
1^42, 43^88, and 89^169) [47,52]. Cleavage at Phe-
Phe 42^43 is preferential and incomplete cleavage at
Phe-Phe 88^89 results in peptide 43^169 also. Fig. 1
shows a Coomassie blue stained tricine gel of di-
gested bovine MBP. Four bands of smaller molecular
weight than MBP were obtained. In order to identify
the peptides, they were separated by HPLC giving 4
peaks (Fig. 2). Each peak was run on tricine gels
(Fig. 1b^e) and identi¢ed from its amino acid com-
position (not shown). Peak 1 was 43^88, peak 2 was
1^42, peak 3 was 89^169, and peak 4 was 43^169. It
was thus possible to separate peptides 1^42 and 43^
88 on the gel despite the similarity in their molecular
weights. Thus SDS-polyacrylamide gel electrophore-
sis rather than HPLC was used to separate the TID-
labeled peptides and determine their speci¢c activ-
ities.

Human C1 and C2 were cleaved similarly to bo-
vine MBP, giving peptides 1^43, 44^89, and 90^170
(and 44^170 for incomplete cleavage). A Coomassie
blue stained tricine gel and an autoradiogram of a
cathepsin D digest of TID-labeled C1 are shown in
Fig. 3 and show that every peptide band is labeled.
No other regions of the gel contained radioactivity.
Labeling pro¢les for a similar gel of the cathepsin D
digest of C2 labeled in DPPG and in the presence of
DPPC are shown in Fig. 4. For Fig. 4, the bands
were cut out and cpm determined by counting and
the absorbance of the stained band was determined
by dye elution. Mean values averaged from a number
of experiments for the relative speci¢c activities of
the three peptides, normalized to that of 1^43, for
C1 and C2 labeled in DPPG and in aqueous solution
are shown in Table 3. Both charge isomers were la-

beled about twice as much on peptides 1^43 and 44^
89 as on 90^170. Peptides 1^43 and 44^89 were la-
beled to a similar extent. There was no signi¢cant
di¡erence between C1 and C2 and no e¡ect of envi-
ronment on the domains labeled, even though the
peptides from protein labeled in DPPG bound
much more TID than peptides labeled in solution
in the presence of DPPC (e.g. compare Fig. 4A
and C). Thus the proteins were labeled more on
the N-terminal half than the C-terminal half when
bound to DPPG, when in aqueous solution in the
presence of DPPC, and when in aqueous solution
in the absence of lipid. In the one experiment where
C1 was labeled in egg PG and in the presence of egg
PC, relatively similar results were obtained for the
peptide labeling pattern as in DPPG (Table 3).

C1 photolabeled with the lipid photolabels was
also cleaved with cathepsin D. Although labeled
bands appeared in the positions of peptides 1^42,
89^169, and 43^169 on the gel, there was no band
in the position where 43^88 usually runs, and two
new bands appeared between the positions of 89^
169 and 43^169. Thus labeling by lipid photolabels
may have a¡ected migration of peptide 43^88 on the
gel. Therefore, the digest of the lipid-labeled protein
was not analyzed further.

Table 3
Distribution of TID in di¡erent regions of the protein for hu-
man MBP components C1 and C2 labeled from di¡erent envi-
ronments

Relative labelinga

n 1^43 44^89 90^170

C1/DPPC 15 1 0.88 þ 0.31 0.51 þ 0.16*
C1/DPPG 16 1 0.82 þ 0.21 0.48 þ 0.21*
C1 only 11 1 0.92 þ 0.20 0.36 þ 0.14*
C2/DPPC 12 1 0.88 þ 0.24 0.67 þ 0.24***
C2/DPPG 12 1 0.72 þ 0.14 0.41 þ 0.12*
C2 only 11 1 0.82 þ 0.27 0.51 þ 0.21**
C1/egg PC 2 1 1.32 þ 0.31 0.72 þ 0.22
C1/egg PG 2 1 1.06 þ 0.06 0.78 þ 0.16
aLabeling of di¡erent cathepsin D peptides normalized to that
of 1^43. Mean þ standard deviation of n di¡erent determina-
tions from several photolabeling experiments, except for egg PC
and egg PG, where the mean þ range of two determinations
from one photolabeling experiment is indicated. Values for 1^
43 and 44^89 are signi¢cantly di¡erent from that for 90^170 at
*P6 0.005, **P6 0.01, and ***Pw 0.05 by a 2-tailed Student's
t-test. A similar labeling pattern for a particular type of sample
was observed in every experiment.
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4. Discussion

These results show that the hydrophobic photola-
bel TID and lipid photolabels react with MBP from
the lipid bilayer despite the fact that it is a water
soluble, highly charged membrane protein which
binds to acidic lipids mainly by electrostatic interac-
tions. Polylysine, which also binds electrostatically to
lipids, is labeled by TID much less than MBP [14].
This indicates that some of the MBP amino acid side
chains are accessible to the hydrocarbon region of
the lipid bilayer. Although these photolabels are usu-
ally used in order to identify the transmembrane re-
gions of intrinsic membrane proteins [29,53], they
have also been shown recently to label a number of
other water soluble membrane proteins and amphi-
pathic peptides bound to lipid bilayers leading to the
conclusion that these proteins interact with the lipid
bilayer by some type of hydrophobic interaction
[48,54^60].

Although the deeper GalCer-C8-PL labeled C1
even more than the shallow GalCer-PL, this does
not necessarily mean that the protein penetrates
deeply into the bilayer. Although depth-dependent
labeling of proteins has been achieved using similar
shallow and deep lipid photolabels [62^65], a protein
lying on the surface which perturbs lipid packing, as
MBP does [6^13], could cause the longer acyl chain
of GalCer-C8-PL to £ip up and probe the same re-
gion of the bilayer as that probed by the more shal-
low GalCer-PL. This might be the mechanism by
which MBP restricts the motion of fatty acid chains
almost their entire length, as indicated by fatty acid
spin labels [8^10,13]. This would also allow both
photolabels to contact residues dipping into the bi-
layer from protein lying on the surface of the bilayer.
Labeling of MBP by these lipid photolabels was
about 10 times less than that of an amphipathic pep-
tide, magainin, [30] which is thought to form pores
by inserting in a transmembrane fashion [66]. At
higher concentrations, MBP causes DPPG to form
an interdigitated bilayer [10]. This could also result in
similar labeling of MBP by GalCer-C8-PL as
GalCer-PL. However, interdigitation does not occur
in the liquid crystalline phase used for measurement
of photolabeling of MBP by the lipid photolabels.
Thus, despite the greater labeling of MBP by
GalCer-C8-PL relative to GalCer-PL, the most rea-

sonable conclusion is that MBP probably lies on the
surface of the bilayer with some hydrophobic amino
acid side chains dipping into the bilayer, allowing
reaction with both TID and lipid photolabels.

In this study, we have shown that although MBP
bound to lipid is labeled by TID at sites in both the
N and C-terminal halves, the N-terminal half is la-
beled more than the C-terminal half suggesting that
the N-terminal half interacts hydrophobically with
the lipid bilayer more than the C-terminal half. Sev-
eral other studies of the intact protein bound to lipid
also indicated that sites in the N-terminal half inter-
acted hydrophobically with lipid more than the
C-terminal half. MBP was protected from tryptic
digestion when bound to lipid at ¢ve of 13 possible
sites in the N-terminal half but was not protected at
any of the ten tryptic sites in the C-terminal half [15].
Amino acids in the intact protein whose NMR reso-
nances were broadened or shifted upon interaction
with zwitterionic detergent or lipid micelles occurred
more frequently in the N-terminal half [16,17,19].

A similar pattern of TID labeling was obtained for
the protein in solution, although the degree of label-
ing of all peptides was considerably less than when
the protein is labeled from the bilayer. The similar
labeling pattern in solution and in a lipid environ-
ment might be consistent with a conclusion that the
protein in solution takes up a tertiary or quaternary
conformation which forms a hydrophobic site and
that it interacts with the lipid in the same conforma-
tion. The greater labeling of the N-terminal half
could then be due to its greater contribution to this
hydrophobic site compared to the C-terminal half.
Detailed conformational models of MBP have been
proposed which contain a L-sheet composed of ¢ve
strands from di¡erent regions of the protein. Both
surfaces of one of these L-sheet models has hydro-
phobic domains [67] while the other model has a
hydrophobic interior [68]. Residues from the N-ter-
minal half and from the C-terminal half contribute
equally to the ¢ve strands of L-sheet [67,68], but only
the N-terminal half has two sets of hydrophobic Phe-
Phe residues.

However, most studies of the interaction of MBP
peptides with lipids [9,11,27,28] also indicated greater
hydrophobic interaction of the N-terminal BNPS-
skatole peptide than the C-terminal peptide. Peptide
38^118 binds heme similarly to MBP suggesting the
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hydrophobic heme-binding site is located in the N-
terminal half and that it does not depend on the
presence of the C-terminal half [22]. A hydrophobic
domain formed as a result of intramolecular interac-
tions between di¡erent regions of the molecule, as in
the structures mentioned above, would be disrupted
on cleavage into peptides. The fact that most studies
of the intact protein and studies of the isolated N-
and C-terminal peptides all indicate greater hydro-
phobic interaction by the N-terminal half or two
thirds suggest that when MBP binds to lipid, its con-
formation must allow the N- and C-terminal por-
tions of the protein to interact independently with
the bilayer.

A predicted model having a tertiary structure con-
sistent with this suggestion has recently been pre-
sented by Ridsdale et al. [69] to accommodate the
L-strands of the Stoner and Martinson models in
addition to the dimensions of a structure of MBP
obtained from three-dimensional reconstruction of
electron microscopical data of MBP bound to a lipid
monolayer [70]. The predicted model di¡ers from the
previous models in the strand order and direction
and location of the loops containing K-helical do-
mains. It could allow fairly independent interactions
of the N-terminal two thirds and C-terminal one
third, corresponding to the BNPS-skatole peptides,
with lipid, particularly for the N-terminal portion
which contains four of the ¢ve predicted L-strands
and one of the K-helical domains, while the C-termi-
nal portion contains one L-strand and one K-helical
domain. The L-strands contain both hydrophobic
and basic residues. The highest hydrophobicity of
MBP occurs in regions 14^21, 36^46, 85^96, and
148^154 [27], all of which are primarily the residues
of four of the predicted L-strands. If the L-sheet
structure lies £at on the surface of the bilayer, it
could interact with lipid through electrostatic inter-
actions and its hydrophobic side chains could dip
into the lipid bilayer. Thus both TID and the lipid
photolabels could be reacting with hydrophobic side
chains of protein bound to the bilayer surface. The N
terminus also is bound to an acyl chain of length
varying from two to ten carbons, with four to six
predominating [72]. This may also contribute to
greater hydrophobic interaction of the N-terminal
half. However, we found that TID labeling of pep-
tide 1^43 was similar to that of 44^89.

The pattern and degree of labeling of C2 was sim-
ilar to that of C1. C2 has been reported to be deam-
idated at Gln-101 or Gln-146 [31] and possibly also
at Asn-90 [33]. This would be expected to make the
C-terminal half more hydrophilic but would not af-
fect the N-terminal half. Since the C-terminal half
interacts less hydrophobically with the bilayer, an
increase in its hydrophilicity might be expected to
have little e¡ect on the labeling of MBP by TID.
The greater participation of the N-terminal half in
hydrophobic interactions may also explain why C2
had a similar ability as C1 to increase the permeabil-
ity of lipid vesicles [36].

In summary, we have shown that the N-terminal
half of MBP interacts hydrophobically with lipid
more than the C-terminal half by using a more direct
technique than has been used previously and by
studying the interaction of the intact protein with
lipid rather than peptides. The similar TID labeling
pattern of the lipid-bound protein to that of the pro-
tein in aqueous solution indicates that any tertiary
structure adopted by the protein must be relatively
similar in both environments. The consistency of
these results on the intact protein with earlier con-
clusions arrived at by studying the interactions of
large MBP peptides with lipid suggests further that
the conformation taken up by the protein when
bound to lipid must allow each half of the protein
to interact independently with the bilayer. Since the
C-terminal half interacts hydrophobically with lipid
less than the N-terminal half, deamidation of Gln or
Asn in the C-terminal half of MBP, as occurs in
charge component C2, would therefore not be ex-
pected to have much e¡ect on its hydrophobic inter-
action with lipid, as was found. It is possible that the
protein may behave di¡erently in situ in myelin. In-
teraction of MBP with other proteins in myelin in
addition to lipid may a¡ect its conformation and
the way it interacts with lipid.
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