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Myelin basic protein (MBP) is a major component of myelin and plays a central role in the
maintenance of its compact multilayered structure. Tryptophan fluorescence is sensitive to environ-
mental factors such as polarity and rotational mobility and often reflects conformational changes
in proteins. This work describes a detailed examination of the time-resolved emission properties
of the single tryptophan of recombinant human myelin basic protein. Fluorescence decay curves
were collected at two separate excitation wavelengths and at different wavelengths across the
emission spectrum. The fitting parameters obtained with the aid of global analysis were combined
with steady-state emission spectra collected from the same samples and are presented as decay-
associated spectra (DAS) and time-resolved emission spectra (TRES). The effects of temperature
and binding to anionic membranes on the decay of emission of MBP were investigated. The changes
in fitted parameters and the appearance of DAS and TRES as a function of experimental conditions
are interpreted in terms of variation in the local environment of the single tryptophan in MBP. The
implications of the changes in local environment resulting from experimental treatments are discussed
in the context of the overall conformation of MBP and are compared to structural and photophysical
properties of MBP obtained from the central nervous system tissue of several species [P. Cavatorta,
S. Giovanelli, A. Bobba, P. Riccio, and E. Quagliariello, Acta Neurol. (Napoli) 13, 162-169, (1991;
P. Cavatorta, S. Giovanelli, A. Bobba, P. Riccio, A. G. Szabo, and E. Quagliarello, Biophys. J. 66,
1174–1179, 1994; P. Cavatorta, L. Masotti, A. G. Szabo, D. Juretic, P. Riccio, and E. Quagliariello,
Cell Biophys. 13, 201-215, 1988].

KEY WORDS: Myelin basic protein; decay-associated spectra; time-resolved emission spectra; global analysis;
membrane binding.

INTRODUCTION

Myelin is one of the most abundant membrane struc-
tures in the nervous system. Central nervous system
(CNS) myelin is formed when oligodendrocytes wrap
their cytoplasmic membranes repeatedly around an axon,
extruding the cytoplasm to form a compact multilayered
membrane sheath. This process is aided by myelin pro-
teins including myelin basic protein (MBP), which is
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believed to be very important in stabilization of myelin
compaction [1-4]. MBP also has been implicated in dif-
ferent ways in the etiology of multiple sclerosis [5-8].

MBP is localized to a region of myelin called the
major dense line, the space between opposed membrane
layers on the cytoplasmic face [9,10]. It is believed to
bind to the membrane surface by electrostatic interaction
with the headgroups of acidic phospholipids and by
hydrophobic interaction between nonpolar residues and
the lipid acyl chains, although there is no evidence of
transmembrane regions [11,12]. MBP may be isolated
from CNS myelin [13,14] or produced from an E. coli
overexpression system where it is purified from inclusion
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bodies [15]. Protein obtained from traditional sources is
water soluble and shows little evidence of ordered struc-
ture in solution by various physical methods [16-18].
CNS derived MBP may be separated by cation-exchange
chromatography into several charge isomers that are dis-
tinguished by the type and number of posttranslational
modifications including deamidation and phosphoryla-
tion [19]. The isomer most often used in biophysical
studies is the most positively charged form and lacks
any posttranslational modifications. All of these forms of
MBP display lipid vesicle binding activity and aggregate
lipid vesicles, especially those containing acidic lipids
[20-23]. Some evidence suggests that binding to anionic
bilayers induces MBP to adopt a more ordered folded
structure than it has free in solution. This more ordered
form is characterized by an increase in secondary struc-
ture, probably consisting of B-sheet [17,18,24,25].

Recombinant human MBP is immunologically indis-
tinguishable from the most positively charged form of
CNS derived MBP but the protein biophysics has not yet
been characterized in detail [15]. If adequately character-
ized it could be a valuable alternative source of MBP for
biophysical studies and may be superior to CNS derived
MBP for certain types of investigations. The absence of
posttranslational modifications and the ease of generating
point mutations in these kinds of expression systems are
of particular interest. Using the single tryptophan residue
present in MBP as a reporter, the steady-state and time-
resolved emission properties have been characterized as
a function of temperature and binding to vesicles of
dimyristoyl phosphatidylglycerol (DMPG). The observed
changes in emission properties have been interpreted in
terms of changes in solvent environment around trypto-
phan and possible changes in the protein conformation.

MATERIALS AND METHODS

Solutions

Urea, acetic acid, NaCl, NaOH, HC1, CoCl2, chloro-
form, and methanol were purchased from J. T. Baker,
Inc., Phillipsburg, NJ. Piperazine-N, N'-bis[2-ethanesul-
fonic acid] (PIPES) and phenylmethylsulfonyl fluoride
(PMSF) were purchased from Sigma Chemical Co. St.
Louis, MO. Ultrapure Tris[hydroxymethyl]aminometh-
ane (Tris) and ultrapure 3-[N-morpholino]propanesul-
fonic acid (MOPS) were obtained from United States
Biochemical, Cleveland, OH. Dimyristoyl phosphatidyl-
glycerol (DMPG) was purchased from Avanti polar lipids.
All other materials were reagent grade or better.

Myelin basic protein (MBP) was isolated and puri-
fied, by a modification of the method of Oettinger and
co-workers [15], from E. coli BL21(XDE3), which had
been transformed with the pET21a expression vector
(Novagen Inc.) carrying the cDNA for the 18.5-kD iso-
form of human MBP (a generous gift from Dr. Tanya
Lewis at Autoimmune Inc.). Briefly, 15 g of frozen
induced E. coli was thawed and resuspended to a total
volume of 30 ml in chilled buffer containing 20 mM
MOPS, 150 mM NaCl, 1 mM EDTA, pH 7.4 (SME
buffer), with 1 mM PMSF. Cells were broken by two
passes through a chilled French pressure cell and inclu-
sion bodies were separated by centrifugation in a Sorval
SS-34 rotor spun at 15,000 rpm for 20 min. The insoluble
inclusion body pellet was washed once with 40 ml SME.
The wash supernatant was discarded and the resulting
pellet was dissolved in 20 mM MOPS, 8 M urea, 1 mM
PMSF, 1 mM EDTA, pH 7.2 (solubilization buffer), by
gentle pipeting. Urea-solubilized inclusion bodies were
spun in the SS-34 rotor at 15,000 rpm for 30 min to
remove urea-insoluble material and the resulting superna-
tant was applied in batch to a 15-ml SP-sepharose FF
cation-exchange resin (Pharmacia) preequilibrated in the
solubilization buffer. The Sepharose was then packed in
a 2.5-cm Bio-Rad econo column and washed until the
OD280 was less than 0.05. Elution of MBP was accom-
plished by the application of solubilization buffer con-
taining 300 mM NaCl. Eluate was monitored by
absorbance at 280 nm and material was collected in 5-
ml aliquots until the OD280 of the eluted material was
less than 0.05. This material was pooled and diluted two
fold with 20 mM MOPS, 4 M urea, pH 7.2 (Buffer A).
This material was then passed through a 0.22-um filter
(Millipore) and the filtrate applied to a Pharmacia Mono-
S HR–10/10 cation-exchange column equilibrated in a
mixture of 85% buffer A and 15% 20 mM MOPS, 4 M
urea, 1 M NaCl (buffer B) using a Pharmacia FPLC
system. Bound material was eluted at a flow rate of 0.5
ml min–1 by a gradient of 150-400 mM NaCl (15-40%
buffer B). The column run was monitored by absorbance
at 280 nm and all eluted fractions were analyzed by
SDS-PAGE. Pooled fractions containing MBP were then
applied to a 5-ml Pharmacia HiLoad chelating column
loaded with Co2+ equilibrated in 25 mM PIPES, 25 mM
sodium acetate (NaOAc), 500 mM NaCl, pH 7.0 (IMAC
buffer A), using the Pharmacia FPLC system. The column
was then washed with 40% 25 mM PIPES, 25 mM
NaOAc, 500 mM NaCl, pH 4.5 (IMAC buffer B), until
OD280 showed a stable baseline. MBP was eluted at 2 ml
min–1 with a 300–ml pH gradient from 40 to 100% IMAC
buffer B. Purity of material was determined by Coomas-
sie-stained SDS-PAGE and fractions of greater than 98%
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purity were saved and stored at - 20°C until used without
further purification.

Concentration of samples was determined spectro-
photometrically using E276.4

1 mg/ml = 0.564, determined for
the homologous bovine MBP [26]. Absorbance measure-
ments were made on a Shimadzu UV160U UV/vis spec-
trophotometer. Steady-state spectra were obtained on an
SLM 48000 spectrofluorometer. The cell holder was
maintained at the indicated temperatures using a circulat-
ing water bath. Time-resolved measurements were made
using the time-correlated single-photon counting method
on a picosecond synchronously pumped, mode-locked
dye laser system (Spectra Physics 3000 series) as
described previously [27]. Data were collected at 13 ps
per channel in 2048 channels. Decay of fluorescence
intensity was described as a sum of exponentials
according to

where Ti is the lifetime of component i of the emission
decay and ai is its associated preexponential factor. Single
decay curves were analyzed by a nonlinear least-squares
curve-fitting procedure [28] using the program TCPHO-
TON. Global analysis [29] with Ti linked over all emission
wavelengths was performed with LGLOBALS (written
by Dmitri Toptygin). The resulting fitting parameters in
combination with steady-state spectra were then used
to generate decay-associated spectra (DAS) and time-
resolved emission spectra (TRES) [30,31].

Large unilamellar vesicles (100 nm) were prepared
in a Lipex Extruder (Lipex Biomembranes Inc.). DMPG
dissolved in chloroform/methanol was dried in a shell in
a 13X100-mm disposable glass tube under a stream of
dry nitrogen and hydrated in the appropriate volume of
buffer (20 mM MOPS, pH 7.2). Prior to extrusion, any
additional material (i.e., MBP) was added to the multila-
mellar suspension, which was then adjusted to 4-ml total
volume and passed through five freeze-thaw cycles using
a dry ice-ethanol bath and a 40°C water bath. After the
final thaw the suspension was passed 10 times under
pressure through two stacked 0.1-um polycarbonate fil-
ters and used within 12 h.

RESULTS

The fluorescence decay of MBP as a function of
emission wavelength was collected under conditions of
varying excitation wavelength, temperature, and in the
presence and absence of DMPG vesicles. The majority
of decays were best described as a sum of four exponential

Table I. Global Fitting Parameters for Decays of 15 uM MBP in 20
mM MOPS at pH 7.2

Sample

30°C
289 nm
295 nm

10 D C
289 nm
295 nm

30 D C, + DMPG
289 nm
295 nm

T1

0.27
0.25

0.32
0.27

0.31
0.36

T2

1.02
0.94

1.30
1.14

1.35
1.44

T3

2.34
2.35

3.36
3.27

3.68
3.87

T4

4.47
4.64

5.68
5.90

9.55
10.90

x2

1.005
1.002

0.995
0.995

1.007
1.033

components except those collected on the red edge of the
spectrum, which required only three components for an
adequate fit. Since lifetime values did not fluctuate sig-
nificantly as a function of emission wavelength, all decay
curves for each set of experimental conditions were reana-
lyzed using global analysis. The lifetimes and global x2

values resulting from the fits are presented in Table I.
Using 30 D C as the reference, both a temperature decrease
to 10°C and the addition of DMPG vesicles cause an
increase in all lifetime components. The relative increases
are presented in Table II. In the case of decreasing temper-
ature, the lifetimes show moderate increases, with the
largest change in the second longest lifetime (T3). The
increases in lifetimes upon binding to DMPG vesicles
are large and are dominated by the increase in the longest
lifetime (T4), which is more than doubled.

The global parameters in Table I and associated local
preexponential factor were combined with the steady-
state spectra for each data set and used to generate DAS
(Figs. 1 -3) and TRES (Figs. 4-6). From these plots it can
be seen that excitation wavelength has minimal effects on
the emission decay properties of MBP except at the blue
edge of emission, where a shoulder appears at short times
after excitation. These effects are not visible in samples

Table II. Relative Increases in Lifetimes Resulting from a Decrease
in Temperature and Binding to DMPG Vesicles

10 D C/30 D C
289
295

DMPG/30 D C
289
295

Ratio

T1

1.19
1.08

1.15
1.44

T2

1.27
1.21

1.32
1.53

T3

1.44
1.39

1.57
1.65

T4

1.27
1.27

2.14
2.35
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Fig. 1. DAS for 15 uM MBP in 20 mM MOPS, pH 7.2, at 30 D C excited at 289 or 295 nm.

Fig. 2. DAS for 15 uM MBP in 20 mM MOPS, pH 7.2, at 10°C excited at 289 or 295 nm.
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Fig. 3. DAS for 10 uM MBP in 20 mM MOPS, pH 7.2, at 30 D C in the presence of 100-nm DMPG LUVs (140 ug/ml phospholipid)
excited at 289 or 295 nm.

Fig. 4. TRES for 15 uM MBP in 20 mM MOPS, pH 7.2, at 30°C excited at 289 or 295 nm.
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Fig. 5. TRES for 15 uM MBP in 20 mM MOPS, pH 7.2, at 10 D C excited at 289 or 295 nm.

Fig. 6. TRES for 10 uM MBP in 20 mM MOPS, pH 7.2 at 30°C with 100-nm DMPG LUVs (140 ug/ml phospholipid) excited at
289 or 295 nm.
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containing DMPG since it was necessary to eliminate
shorter-wavelength data during analysis due to light-scat-
tering artifacts introduced by the vesicle suspensions.

Figure 1 shows the DAS for MBP in 20 mM MOPS
buffer at pH 7.2 and 30°C. These are the reference condi-
tions to which all other experiments in this study are
compared. Under these conditions the 2.35-ns lifetime
has the largest preexponential factor (a) throughout most
of the emission spectrum. The spectrum associated with
the 4.64-ns lifetime exhibits the smallest a over most of
the wavelength range except at the red edge. The a's
associated with the 0.25- and 0.94-ns lifetimes are similar
at the blue end of the spectrum but diverge toward the
red, with the 0.94-ns component being slightly higher.

Ground-state heterogeneity and excited-state pro-
cesses may both contribute to multiexponential decay
kinetics in single tryptophan proteins. To characterize the
contribution of these two conditions on the fluorescence
properties of the single tryptophan of MBP, fluorescence
decays were collected as above except at a temperature
of 10°C. The DAS from this experiment are shown in
Fig. 2. Immediately apparent, compared to the previous
DAS, is the increase in the relative contribution from the
longest lifetime (5.90 ns) at all wavelengths measured.
The decay-associated spectra for the other three lifetimes
(3.27, 1.14, and 0.27 ns) are similar to those obtained
at 30°C.

Several studies have shown that upon binding to
anionic membranes MBP adopts a more ordered structure
than that observed in buffered solution [11,17,18,25,32].
It was of interest to us to see whether this increase in
ordered structure would be reflected in the time-resolved
emission properties of MBP. Decay data were collected
as in the first experiment but with the addition of anionic
DMPG vesicles. The effects on the DAS are shown in
Fig. 3. The DAS of MBP in the presence of membranes
shows substantial differences from DAS in buffer alone.
All spectra are blue shifted in the presence of membranes
and a marked increase in the values of a for the two
shorter lifetimes (0.36 and 1.44 ns) is observed at the
majority of emission wavelengths. In contrast, the contri-
butions of the longer lifetimes (10.9 and 3.87 ns) relative
to one another are not affected.

Figures 4 to 6 show the TRES that correspond to
the DAS in Figs. 1 to 3, respectively. The red shift of
these spectra as a function of time is summarized in Fig.
7, where the emission frequency determined at the half-
height position of the red edge of each spectrum is plotted
versus time. The spectra under all experimental condi-
tions shift to the red with time. In the absence of DMPG
there seems to be little effect of excitation wavelength
on the characteristics of this shift as indicated by the

almost-negligible separation between the curves obtained
with two excitation wavelengths. The movement of the
curves is of the order of 400 cm–1 and is essentially
completed by 10 ns after excitation. In the presence of
DMPG the emission is blue shifted and the position of
the TRES at 0 ns after excitation varies with excitation
wavelength, excitation at 289 giving a blue shift of 130
cm–1 relative to that observed with 295-nm excitation.
By about 1 ns postexcitation the positions of the spectra
from excitation at 289 and 295 converge and continue to
shift toward the red, covering a total distance of over
1100 cm–1, with no indication of completion by 10 ns.

DISCUSSION

There is much disagreement about the origin of non-
exponential decay kinetics of tryptophan emission in pro-
teins. The different physical phenomena that may account
for this behavior include various excited state processes
such as solvent and side-chain relaxation [33-38], pro-
cesses that contribute to the rate of nonradiative decay
to the ground state [39] and structural effects that may
influence the other processes [35, 40-44]. A better under-
standing of the factors influencing the spectroscopic prop-
erties of tryptophan will allow a more detailed description
of the environment around the single tryptophan in MBP,
which can be used to monitor more general conforma-
tional changes resulting from careful manipulation of the
proteins environment.

Recombinant human MBP in aqueous buffer at pH
7.2 showed an emission spectrum characteristic of a
highly solvent exposed tryptophan which is in agreement
with previously published results obtained using homolo-
gous MBPs from the CNS tissue of several other species
[26,32,45-47]. Time-resolved decays of emission were
similar to those reported previously for bovine MBP
[26,48] except that an additional exponential decay com-
ponent was required to achieve an adequate fit in the
global analysis of decays collected at multiple emission
wavelengths. Single-curve analysis through most of the
emission spectrum required four exponential components
for an adequate fit to the data except at the far red edge,
where the decays required only three components to fit.
This may be due to the reduced number of counts col-
lected at the red edge since each decay was collected for
an equal period of time or the reduced preexponential of
the shortest decay component, which is nearly zero at
these wavelengths in the global analysis. In this case the
longest and shortest lifetimes were comparable between
recombinant human MBP and bovine MBP, while the
middle lifetime from a three-component fit was split into



340 Russo and Brand

Fig. 7. Position of the red edge at the half-height of TRES of MBP under all conditions tested as
a function of time after excitation. Excitation at 295 nm, and (O) 30oC, (S) 10°C, and (C) 30°C with
DMPG vesicles. Excitation at 289 nm, and (T) 30oC, (D) 10oC, and (C) 30oC with DMPG vesicles.

a shorter and longer lifetime when fitting a four-compo-
nent model.

Variation of excitation wavelength has little effect
on the emission decay parameters of MBP in solution at
either 10 or 30°C (Table I). The most obvious effect of
varying the excitation wavelength was in the shape of
the DAS and TRES. At 289-nm excitation there is a
shoulder on the blue edge of the spectra for short-lifetime
components in the DAS and at short times in the TRES.
This is absent when excitation is at 295 nm. It is likely
that this shoulder is due to contributions from tyrosine
since it is seen at both blue-shifted excitation and emission
and occurs at short times in the decay. The steady-state
emission spectrum of MBP is very red shifted, which is
indicative of a polar environment around the tryptophan.
The TRES also starts very far to the red and continues
to move even farther to the red with time, almost complet-
ing its movement during the lifetime of the excited state
as shown in Figs. 4, 5, and 7. This indicates that the
processes contributing to the change in environment occur
during the excited-state lifetime of the tryptophan. An
alternative explanation involves the presence of multiple
species that cannot interconvert on the nanosecond time
scale and have absorption and emission properties differ-
ent from one another. The former model is dynamic in
nature and suggests that we can obtain information about
the rate of relaxation processes in the environment of the
tryptophan, while the latter situation is static and gives
a snapshot of equilibrium populations of the different
ground state species present. These two explanations are
not necessarily exclusive.

MBP is believed to exist in a predominantly unfolded
state in solution with no defined compact structure
[16,49]. However, it has been postulated that small
regions of structure may be present in aqueous MBP and
these include the region containing the single tryptophan
[11,50]. Structure in the local environment around the
tryptophan of MBP could explain the red shift of the
TRES that we observe. The steady-state emission spec-
trum of MBP is characteristic of solvent-exposed trypto-
phan and is very much like that of aqueous NATA,
however, in the case of complete solvent exposure, no
red shift of the emission spectrum over time is expected.
The red shift of the TRES over time argues strongly that
either the local environment around the tryptophan is
motionally restricted or that there are multiple ground-
state conformations.

Figure 7 shows the position of the red edge of the
TRES determined at one-half the maximum height as a
function of time after excitation for all conditions. At the
chosen reference conditions there is a small frequency
shift in TRES over time studied (lower curves, triangles
and open circles). The effect of excitation wavelength on
the properties of the TRES is negligible. Under these
conditions, processes contributing to the time-dependent
red shift, excited-state solvent relaxation, or ground-state
heterogeneity cannot be distinguished.

Binding to anionic liposomes results in dramatic
changes in the fluorescence properties of MBP. The blue
shift in the steady-state emission spectrum indicates
decreased solvent exposure of the tryptophan. This is
consistent with a stabilization of defined structure in MBP
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upon binding to negatively charged membranes and is in
agreement with previous studies on CNS derived MBP
[11,25,51,52]. When MBP folds in this way the single
tryptophan may become buried in a hydrophobic core or
positioned at an interface in MBP multimers. Regions of
the MBP chain may also extend down past the lipid
headgroups and interact directly with the lipid acyl chains
[12,17,48,53-56]. Any of these possibilities could
account for the blue shift and the observed increase in
the lifetimes. In the presence of vesicles there is a large
increase in the a's for the two shortest lifetimes relative
to the longer lifetimes as shown in the DAS in Fig. 3.
The positions of the TRES (Fig. 7; filled squares and
circles) obtained at different excitation wavelengths are
initially separated and converge after about 1 ns. The
total red shift is threefold greater than for MBP in buffer
alone (lower curves) and shows no indication of an end
point after 10 ns. As in the case of MBP in buffer alone,
these observations are insufficient to distinguish the exis-
tence of multiple ground-state conformations or excited-
state dipole relaxation.

Aqueous recombinant human MBP in solution is
indistinguishable from the C1 fraction of CNS derived
MBP by the methods of steady-state emission and time-
resolved decay of emission. Additionally, recombinant
MBP binds to anionic lipid vesicles with concomitant
changes in its photophysical properties consistent with
reduced exposure of the single tryptophan to solvent and
an increase in ordered structure in agreement with earlier
work on homologous MBPs. We believe that the availabil-
ity and ease of production of recombinant MBP from
a standard overexpression system will greatly facilitate
further studies of this protein. In particular, the ability to
produce site-specific mutations will allow us to address
more specific questions regarding the structure of the
membrane-associated form of the protein and its function
in the maintenance of myelin structure.
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