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ABSTRACT: Myelin basic protein conformation and hydrophobicity, along with the protein's behavior in the 
presence of the fluorescent probe 6-(p-toluidino)-2-naphthalenesulfonate, have been studied by using Fourier 
transform infrared ( m - I R )  and Raman spectroscopy. The FT-IR and Raman spectra provided compelling 
evidence for the presence of a small amount of /3 structure, ca. 25%, in the aqueous solution and solid-state 
forms of myelin basic protein. The enhanced fluorescence and shift in the emission maximum of 6-(p- 
toluidino)-2-naphthalenesulfonate when bound to myelin basic protein are consistent with the presence of 
a t  least one hydrophobic region in the molecule. Loss of the fluorescence enhancement in the presence of 
denaturing agents indicates that native myelin basic protein has a folded structure in solution. All of the 
results provide support for conformational predictions derived from the application of Edmundson wheels 
to the primary structure. 

Interest in the structure and behavior of myelin basic protein 
(MBP) can be ascribed to its implication in the etiology of 
multiple sclerosis (Einstein et al., 1972; Cammer et al., 1978; 
Whitaker et al., 1980). The unique amino acid composition 
of MBP [see Martenson (1980) and references cited therein] 
and the controversy surrounding its in vivo structure and 
function have also contributed to the numerous investigations 
of MBP conformation. The solution properties of MBP have 
already been extensively studied with techniques such as light 
scattering (Liebes et al., 1975), ultracentrifugation (Liebes 
et al., 1976; Smith, 1980), circular dichroism (Block et al., 
1973; Liebes et al., 1975; Swann & Li, 1979), and nuclear 
magnetic resonance (Liebes et al., 1975; Deber et al., 1978; 
Campagnoni et al., 1978). However, the analyses and inter- 
pretation of these results have not provided a totally coherent 
picture, and some of the most recent results, in particular, have 
added to the conflict. 

Many of the reported studies have concluded that MBP has 
little, if any, organized structure in aqueous solution, behaving 
essentially as a random coil. In contrast, theoretical predictions 
of MBP secondary structure (Martenson, 1981; Stoner, 1984) 
indicate that MBP should have regions of repetitive secondary 
structure; in particular, p structure and P turns appear to have 
a high probability. Recent investigations using high-resolution 
NMR (Mendz et al., 1982), along with results obtained from 
immunological studies (Whitaker, 1982; Fritz & Chou, 1983), 
suggest that MBP has a greater degree of ordered structure 
than previously assigned. Moreover, studies from this labo- 
ratory have revealed an in vitro hydrolytic capability of MBP 
which obeys saturation kinetics (Zand & Agrawal, 1980). The 
presence of an active-site catalysis is supportive of a greater 
degree of three-dimensional stability in MBP than has been 
recognized to date. 

The present study was undertaken with the objectives of 
ascertaining the degree of stable secondary and tertiary 
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structure in MBP and of identifying particular types of sec- 
ondary structure within the protein. The binding of 6-(p- 
toluidino)-2-naphthalenesulfonate (TNS), a fluorescent probe 
specific for hydrophobic regions, was used to determine the 
existence of such interactions in MBP. In addition, Fourier 
transform infrared spectroscopy (FT-IR) and Raman spec- 
troscopy were used to characterize MBP conformation in so- 
lution and in the solid state. The results of these experiments 
and their significance are presented in the following sections. 

MATERIALS AND METHODS 
Myelin basic protein was isolated and purified from bovine 

brains and spinal cords according to the procedure of Deibler 
et al. (1972). Purity was determined by gel electrophoresis. 
Deuterated MBP was prepared by repeatedly dissolving and 
freeze-drying purified solid samples in D20.  

Fourier transform infrared studies were carried out with a 
Digilab 20C spectrometer interfaced to a digital computer. 
Solution spectra were obtained by using a BaF2 variable 
path-length cell. Protein concentrations were generally in the 
range of 1-2% (w/v); unless otherwise noted, the cell path 
length was adjusted to 150 pm. Oriented films of MBP were 
prepared by casting protein solutions on silver chloride plates 
and evaporating to dryness with unidirectional stroking. Po- 
larizers set at 0' and 90° with respect to the incoming light 
were used to determine dichroism in the MBP films. Sample 
and solvent spectra were recorded under conditions of moderate 
resolution ( 2  cm-'); the instrument was purged with liquid 
nitrogen during data collection. The number of scans taken 
depended on sample preparation and concentration; 100-1000 
scans were found to be adequate for most solution spectra. 
Wavenumber positions reported here are considered accurate 
to f2 cm-I. 

Raman spectra were recorded with a Spex spectrometer 
interfaced to a computer system. The excitation source at 5145 
A was an argon ion laser. Solid and aqueous solution (5%) 
MBP samples were sealed in melting point capillary tubes 
which were aligned 90' to the laser beam. The spectral slit 
width was 200 pm. The power at the sample was maintained 
at approximately 150 mW. Depending on the sample, spectra 
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FIGURE 1: Fluorescence emission spectra of TNS (2.8 X M) in 
0.05 M sodium acetate at pH 4.5. The exciting wavelength is 350 
nm. (a) TNS; (b) equimolar TNS and MBP; (c) TNS and MBP 
with 8 M urea, after correction for background fluorescence of TNS 
alone in 8 M urea. 

were obtained by signal averaging five scans acquired at a rate 
of 0.5 cm-l/s (solid samples) or 20 scans acquired at  a rate 
of 1 cm-l/s (solution sample). Spectral frequencies are re- 
ported to f2 cm-'. 

The fluorescent probe 6-(p-toluidino)-2-naphthalene- 
sulfonate potassium salt was purchased from Sigma and stored 
in the dark at 4 "C. Solutions of TNS in the desired solvents 
were prepared just prior to use; concentrations were verified 
from the ultraviolet absorbance spectra (McClure & Edelman, 
1966). Fluorescence measurements were made with a modified 
Aminco-Bowman spectrophotofluorometer equipped with a 
high-intensity xenon lamp. All samples were studied in 1-cm 
path-length quartz cuvettes. Titrations of MBP with TNS 
were performed by adding increments of the dye to a fixed 
volume of protein solution, as well as to an identical volume 
of solvent without protein. Emission spectra from 400 to 600 
nm were recorded with an excitation wavelength of 350 nm. 
All spectra reported here have been corrected. 

RESULTS 
Binding of TNS. As shown in Figure 1, aqueous solutions 

of TNS in the absence of MBP exhibit very weak fluorescence. 
The emission spectrum is quite broad, with a maximum cen- 
tered around 500 nm. In contrast, the fluorescence intensity 
of TNS in the presence of MBP is markedly increased, ac- 
companied by a narrowing of the bandwidth and a shift in the 
maximum to higher energy. The emission maximum of the 
MBP-TNS complex is now centered at  443 nm. This value 
falls within the range of maxima reported for other TNS- 
protein complexes (McClure & Edelman, 1966; Turner & 
Brand, 1968). In the presence of 8 M urea, a generally ac- 
cepted protein unfolding reagent, the fluorescence intensity 
is dramatically reduced. Similar effects were also observed 
in the presence of 6 M guanidinium chloride, another common 
denaturant. This behavior is interpreted as a disruption of the 
hydrophobic interactions present in native MBP. Such in- 
teractions cannot be stabilized when folding is altered by 
denaturing agents. 

The titration of MBP in TNS initially reflects relatively 
large increases in fluorescence intensity, as seen in curves a-c 
of Figure 2. Above a dye to protein ratio of 0.7, the intensity 
appears to increase only in small amounts, as shown in curves 
d and e of Figure 2. The apparent leveling off of fluorescence 
intensity may arise from a saturation effect. An alternative 
explanation would ascribe the observed behavior to an ag- 
gregation artifact; the ease of MBP self-association has been 
well documented (Liebes et al., 1975; Smith, 1980). We 
believe the latter possibility can be discounted here for the 
following reason: Optical density measurements were carried 
out at the exciting wavelength of 350 nm on the TNS-MBP 
complexes in the presence and absence of 8 M urea and ex- 
hibited less than 0.01 absorbance variation. This indicates that 

where Z is the observed fluorescence intensity, Io is the max- 
imum possible fluorescence at infinite dye concentration, KdBP 
is the apparent dissociation constant, and [FO] is the molar 
concentration of the fluorophore. A plot of 1/Z vs. l/[FO] 
(Figure 3) yields Zo and Kd,app from the slope and intercept, 
respectively. Application of this equation to the titration data 
for MBP yields a value of Kd,app of 2.1 X lo-' M, in good 
agreement with a previous report (Feinstein & Felsenfeld, 
1975). 

An attempt was made to also characterize the behavior of 
MBP-TNS complexes in less polar environments by the use 
of nonaqueous solvents. By subtracting out the fluorescence 
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FIGURE 4: Fluorescence emission spectra of equimolar TNS-MBP 
complexes, 3.4 X M, in aqueous/organic solvent systems. The 
exciting wavelength is 350 nm. The fluorescence intensity of TNS 
alone in the various solvent systems was subtracted to obtain the above 
spectra: (a) 60% CF3CH20H; (b) 10% (CH3),SO; (c) 60% 

of a TNS blank in the solvent system of interest, the hydro- 
phobic contribution of MBP could be estimated. As can be 
seen in Figure 4, both trifluoroethanol and dimethyl sulfoxide 
(Me2SO) perturb the folding of MBP. The latter solvent is 
particularly effective in its ability to influence MBP hydro- 
phobicity. Striking effects of Me2S0 on MBP were also ob- 
served in the infrared spectrum and in 'H NMR studies. In 
these experiments, the concentration of MBP was 10-100 
times greater than those used in the fluorescence measure- 
ments. Even in dilute solutions of MBP, where intermolecular 
effects should be reduced, Me2S0 appears to promote the 
existence of a more effective hydrophobic binding site for TNS, 
as demonstrated by the observed blue shift and increased 
intensity. 

The use of infrared spectroscopy to explore the conformation 
of proteins and polypeptides is well documented (Schellman 
& Schellman, 1964; Susi, 1972). The basis for the assignment 
of conformational states are the vibrational frequencies arising 
from the peptide backbone. These include the N-H stretch 
near 3300 cm-', the c-0 stretch or amide I region from 1600 
to 1680 cm-', and the N-H deformation or amide I1 region 
from 1500 to 1570 cm-'. The amide I and amide I1 bands 
are particularly sensitive to different forms of protein secondary 
structure, which are reflected in the observed frequencies of 
the band maxima (Miyazawa & Blout, 1961; Krimm, 1962). 

(CH3)ZSO. 

assign- 
ment data sample medium frequency (cm-')O 

infrared DzO solution 1658, 1651, 1639, 1634 amide I 

CF3CHz0H solution 1654 (sh), 1649, 1635 amide I 

(CH3),S0 solution 1686 (sh), 1677, 1673, amide I 

dehydrated film 1657, 1628 (vw) amide I 

(sh) 

(vw) 

1668, 1660 (vw) 

1547 (sh), 1538, 1528 amide I1 
(sh), 1517 (sh) 

Raman solid stateb 1669, 1661, 1653 (sh) amide I 
1277, 1241, 1235 amide 111 
853,  828 tyrosine 

solid stateC 1285 (sh), 1273, 1234, amide 111 

H 2 0  solution 1683 (sh), 1671, 1662 amide 1 
1250, 1232 amide 111 
855, 835 tyrosine 

"sh and vw represent shoulder and very weak, respectively. 

1225 

bObtained at room temperature. cObtained at 4 "C. 

The strong absorbance of the H 2 0  bending mode occurs in 
the same region as the amide I band and presents experimental 
problems for studies of proteins in aqueous solution. Although 
successful subtraction of the H 2 0  contribution has been re- 
ported (Lavialle et al., 1982; Vincent et al., 1984), the present 
experimental conditions dictated the use of D20 instead. 
While D20 does not absorb strongly in the amide I region, it 
does have inherent limitations with respect to the interpretation 
of the spectra obtained (Calvin et al., 1959). Trifluoroethanol 
and dimethyl sulfoxide also do not absorb strongly in the amide 
I region and were used to characterize the behavior of MBP 
in nonaqueous environments. Representative solution spectra 
are shown in Figure 5; band positions and assignments are 
summarized in Table I. 

Because the amide I modes for the a helix and random coil 
should appear at almost the same frequency, ca. 1650 and 1655 
cm-', respectively (Susi et al., 1967), it is difficult to make 
definitive distinctions between the two conformations from the 
above infrared data alone. However, previous circular di- 
chroism studies strongly indicate that the a-helix conformation 
does not make a major contribution to MBP structure in 
aqueous media (Liebes et al., 1975; Swann & Li, 1979). The 
infrared spectrum of MBP in D20 (Figure 5a) is interpreted 
as being characteristic of a predominantly random-coil 

FIGURE 5 :  
length of 
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Amide I band in infrared spectra of MBP in various solvents: (a) DzO; (b) CF3CH20H; (c) (CH3)2SO (obtained 
50 pm). 

with cell path 
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FIGURE 6:  Amide I and I1 bands in infrared spectrum of dehydrated 
MBP film. 

structure. However, the inflection visible at 1634 cm-' is 
ascribed to the presence of a small amount of antiparallel 
&sheet structure (Timasheff & Susi, 1966; Ruegg et al., 1975). 

Trifluoroethanol is known to promote a-helix formation in 
MBP (Liebes et al., 1975). In 100% trifluoroethanol (Figure 
5b), the amide I region of MBP is narrowed and shifted to 
lower energy with respect to the absorption in DzO. While 
calculations of helical content from CD data indicate about 
70% of MBP exists as an a helix in trifluoroethanol, the in- 
frared data obtained in this solvent also indicate the presence 
of some antiparallel @-sheet conformation with respect to the 
inflection observed at 1635 cm-'. 

Although aggregation effects limited the infrared study of 
MBP in dimethyl sulfoxide, the data that were obtained for 
the amide I region (Figure 5c) differ from the spectra obtained 
in DzO or trifluoroethanol. Of particular note is the ap- 
pearance of an absorption maximum near 1670 an-'. Previous 
'H NMR studies carried out on MBP peptide fragments in 
Me$O-d6 showed significant differences from spectra obtained 
in D20 (Margetson et al., 1981; Sadikot & Moore, 1983). 
This behavior was attributed to the stabilization of @-turn 
structures by this solvent. While care should be exercised in 
extrapolating the behavior of isolated peptides to those of the 
intact protein, the amide I feature near 1670 cm-' is tentatively 
attributed to the presence of @-turn conformations. However, 
because the amide I vibrational frequencies of some @-turn 
types overlap with those of a helix and @-pleated sheets, this 
assignment cannot be considered definitive (Krimm & 
Bandekar, 1980; Lagant et al., 1984). 

The infrared spectrum obtained from films of MBP cast 
from aqueous solution is shown in Figure 6. The amide I and 
amide I1 regions are interpreted as indicating a significant 
amount of random-coil conformation, but the asymmetry of 
the bands implies the presence of other secondary structures. 
The shoulder on the amide I region at  1628 cm-' and the 
shoulder on the amide I1 region at  1528 cm-' are consistent 
with the presence of small amounts of antiparallel @-sheet 
structure. Additional shoulders on the amide I1 band at 1547 
and 1517 cm-' may be indicative of a small contribution from 
some helical structure. 

The MBP films were not strongly oriented, and there was 
no substantial evidence of dichroism in the amide I and I1 
regions, nor in the N-H stretching region at  3300 cm-'. This 
observation is consistent with the belief that isolated MBP has 
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FIGURE 7: Raman spectral data for solid MBP obtained at room 
temperature: (a) amide I region; (b) amide 111 region; (c) tyrosine 
doublet region. 

WAVENUMBER (6') 
FIGURE 8: Raman spectral data for the amide 111 region of solid MBP 
obtained at 4 OC. 

mostly unordered structure, but it does not rule out the ex- 
istence of small amounts of @ sheet and/or a helix. 

Information derived from Raman spectra of proteins can 
complement the results obtained from infrared studies. Also, 
Raman spectra can be obtained directly from protein solutions 
in H20  instead of using DzO (Carey, 1982). The observed 
Raman frequencies for various MBP samples, and their ten- 
tative identifications, are listed in Table I. 

Our efforts to obtain high-quality Raman data were com- 
plicated by the presence of a significant degree of background 
fluorescence. The origin of this effect is unclear since the MBP 
preparation showed no contamination on gel electrophoresis 
or high-pressure liquid chromatography (HPLC). It is, how- 
ever, possible that a tightly bound low molecular weight im- 
purity is present in our preparation. Similar results were 
obtained from MBP samples prepared and purified in other 
laboratories. 

Raman spectra of solid MBP are shown in Figures 7 and 
8. The broadness of the amide I band (Figure 7a) is indicative 
of the presence of several conformational forms. The maxi- 
mum at 1669 cm-' could be assigned to contributions from 
either random-coil or @-sheet secondary structures. In the 
amide I11 region (Figure 7b), the maximum at 1241 cm-' is 
a strong indication of the presence of @-sheet regions (Pezolet 
et al., 1976; Hamodrakas et al., 1982). Pezolet et al. (1976) 
have developed a method for calculating the fraction of @ 
structure from the Raman spectrum. This method utilizes the 
peak height intensities of the characteristic amide I11 band 
and the conformationally insensitive band at 1450 cm-' which 
is associated with methylene bending modes; the relative peak 
height intensity of the 1240 cm-' band shows a linear de- 
pendence on the amount of @ structure known to be present 
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FIGURE 9: Raman spectral data for aqueous MBP (5% w/v) obtained 
at room temperature: (a) amide I region; (b) amide I11 region: (c) 
tyrosine doublet region. 

in various proteins from X-ray crystallography. Using this 
relationship to analyze the Raman data on MBP yielded es- 
timates of 21-25% @-sheet content. It should be noted that 
this method is only applicable when there is a well-defined 
amide 111 band occurring a t  1240 f 3 cm-' . The estimates 
based on the above approach are in good agreement with the 
theoretical prediction of fi  sheet in MBP reported by Stoner 
(1 984). The amide I11 region also shows a maximum at 1277 
cm-' which has tentatively been assigned to a-helix structure 
(Carey, 1982). At 4 OC (Figure 8), this band appears at 1273 
cm-', while a band at ca. 1234 cm-' is attributed to @-sheet 
structure. 

Bands observed at 853 and 828 cm-' in Figure 7c are as- 
signed to ring vibrations of tyrosine. Yu et al. (1973) proposed 
that the intensity ratio of the two bands indicated whether such 
residues were exposed on a protein's surface or buried in its 
interior. Siamwiza et al. (1975) subsequently showed that the 
doublet intensity ratio is relatively insensitive to the environ- 
ment of the phenyl ring but is sensitive to the nature of hy- 
drogen bonding of the phenolic group or its ionization. If the 
phenolic oxygen acts as a proton donor to form a strong hy- 
drogen bond in a hydrophobic environment, the 1853/Z8z8 ratio 
should fall between 0.3 and 0.5. On the other hand, if the 
phenolic group forms a moderately strong hydrogen bond with 
water, the z853/1828 ratio is predicted to be 1.25. The intensity 
ratio calculated from the spectral data was 1.4 f 0.1, which 
supports the notion that the tyrosines in MBP are exposed. 

In aqueous solution, the Raman spectrum of MBP (Figure 
9) shows the broad amide I band similar to the band obtained 
from solid MBP. The amide I11 region exhibited maxima at 
1250 and 1232 cm-I, indicating the presence of both random 
and p conformations (Lippert et al., 1976). The intensity ratio 
of the tyrosine doublet zS55lI835 was 1.3 f 0.1, which is quite 
close to the ratio obtained for the solid MBP. In either state, 
the tyrosine residues in MBP appear to be exposed on the 
surface rather than buried in a hydrophobic region. 

The analysis of the Raman data on MBP must also consider 
the possibility of @ turns. In contrast to a helices and @pleated 
sheets, the spectroscopic characteristics of @-turn regions in 
proteins are still being developed (Bandekar & Krimm, 1980). 
To date, the best diagnostic evidence for P turns is an unusually 
high-frequency amide I11 band, in the region of 1290-1330 
cm-' (Krimm & Bandekar, 1980; Lagant et al., 1984). No 
particularly strong features were observed in this region in the 
Raman spectra of the various MBP samples; however, further 

experimental data are needed to determine the presence or 
absence of @ turns in MBP under different conditions. On the 
basis of the present data, the @-sheet feature (not the /3 turn) 
appears to be the most significant component of ordered 
structure. 

DISCUSSION 
The enhanced fluorescence intensity of TNS when bound 

to MBP in aqueous solvents in compelling evidence for the 
presence of a hydrophobic region on the folded MBP poly- 
peptide surface. The dramatic diminution of fluorescence 
intensity when the TNS-MBP complex is placed in 8 M urea 
is a strong indication that the hydrophobic region is generated 
via the folding of the polypeptide backbone into a relatively 
stable three-dimensional structure. The infrared and Raman 
spectroscopic studies have, for the first time, provided physical 
evidence for the presence of a small amount of repetitive 
secondary structure and add additional support to the inter- 
pretation of the TNS binding data. 

The presence of hydrophobic regions arising from protein 
folding in MBP may be essential in understanding the nature 
of this protein's interactions with other components of the 
myelin membrane. It is often argued that the association of 
MBP with certain phospholipids occurs mainly through 
electrostatic binding, with little perturbation of the lipid hy- 
drocarbon chains. However, there is some evidence from 
NMR studies (Smith, 1982), as well as calorimetric and 
spin-label studies (Boggs & Moscarello, 1984), suggesting that 
hydrophobic interactions occur as well. Furthermore, Agrawal 
et al. (1982) have reported that during the purification of MBP 
from rat brain myelin, dissociation of endogenous lipids from 
MBP occurs only after the protein is treated with a strong 
denaturing agent such as urea. Such observations are con- 
sistent with the results reported here. 

If the hydrophobic region is formed as a direct consequence 
of polypeptide chain folding, then the question of what type 
of folding is responsible can be legitimately asked. The linear 
sequence of bovine MBP has been represented with two-di- 
mensional projections known as helical wheels in order to 
identify regions of helical and nonhelical potential. As detailed 
by Schiffer & Edmundson (1967), projections for a-helical 
segments in proteins usually show distinct hydrophobic arcs; 
these amino acids tend to be clustered in the n f 3, n, and n 
f 4 positions of adjacent helical turns to maximize intrahelical 
as well as interhelical interactions. Applying these criteria to 
MBP resulted in the identification of regions most likely to 
form a-helix structures: 

Residues 35-45: hydrophobic arc formed by residues 
Phe-42, Ile-35, Leu-39, Phe-43, and Leu-36. 

Residues 85-95: hydrophobic arc formed by residues 
Phe-88, Ile-92, Val-85, Phe-89, Val-93, and Val-86. 

Residues 149-155: although this segment is too short to 
rigorously be considered an a helix, it does possess a hydro- 
phobic arc with the required position distribution, Le., residues 
Ile-152, Leu-149, Phe-153, and Leu-155. 

In addition to the above regions, there are also several se- 
quences which show hydrophobic clusters but do not satisfy 
the n, n f 3, and n f 4 required positions. Such segments 
may be helical in MBP and could participate in interhelical 
interactions, but they are less likely to form stable helices in 
solution when isolated. These regions are listed below: 

Residues 12-29: hydrophobic arc formed by residues 
Phe-26, Met-19, and Tyr-12. 

Residues 109-1 26: hydrophobic arc formed by residues 
Phe-113, Phe-124, Ala-117, and Leu-110. 

Residues 126-1 43: hydrophobic arc formed by residues 
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The potential for the formation of regions of hydrophobicity 
by folding a linear polypeptide chain according to certain rules 
must be viewed as indicating that it can occur, not that it does 
occur. In the present instance, we view these predictive as- 
sessments merely as being consistent with the experimental 
results we have obtained. Additionally, these predictions help 
to identify specific regions within MBP which may participate 
in structural stabilization of the protein under conditions of 
biological interest. 

The results of the present study suggest a reappraisal of the 
previously held assessment of MBP structure in an aqueous 
environment is necessary. This study plus the reports from 
other laboratories has provided sufficient evidence to support 
the concept of a more folded and stable structure for MBP. 
In turn, this reassessment of structure then permits a greater 
compatibility with the idea of an active site for esterolytic 
catalysis; it also supports the presence of at least one hydro- 
phobic region capable of partial penetration into the myelin 
membrane lipid bilayer as well as interaction with esterolytic 
substrates. 

While such substrates for MBP have not been identified in 
vivo, there is evidence supporting their existence. It is well- 
known that heme binds strongly to MBP (Liebes et al., 1975); 
recently, Vacher et al. (1984) have characterized this inter- 
action in detail. The binding appears specific, with a 1:1 
stoichiometry and a large association constant. Studies with 
peptide fragments of MBP indicate that maintenance of the 
bond between Phe-42 and Phe-43 is necessary for such binding 
to occur. Moreover, some nearby residues are highly ho- 
mologous with a heme binding site of a mitochondrial cyto- 
chrome b. This information is consistent with the present 
helical wheel constructions for the a-helix structure in MBP, 
where a hydrophobic arc with the n, n f 3, and n f 4 dis- 
tribution was seen in the sequence 35-45. 

Leu-140, Tyr-133, and Tyr-126. 
Helical wheels for MBP folded into ?r helices also exhibit 

hydrophobic clusters in certain segments: 
Residues 23-44: hydrophobic arc formed by residues 

Leu-39, Phe-26, and Ile-35. 
Residues 61-82: hydrophobic arc formed by residues 

Ala-74, Ala-61, and Leu-70. Unlike the other arcs, this one 
is specific for the bovine MBP sequence. This particular 
segment is also of interest for its immunological properties: 
Sequence 64-73 is encephalitogenic in rabbit, while sequence 
74-83 is encephalitogenic in rat. The latter determinant ap- 
pears to be sequestered in intact MBP and requires frag- 
mentation of the parent molecule in order to be recognized 
(Hashim, 1982). 

Residues 1 11-1 32: hydrophobic arc formed by residues 
Ala- 130, Ala- 1 17, Tyr- 126, and Phe- 1 13. 

Residues 133-1 54: hydrophobic arc formed by residues 
Phe-153, Leu-140, Leu-149, Ala-136, and Ala-145. 

Residues 83-96: this segment is shorter than the others and 
thus may not define a true ?r helix. However, it does contain 
a hydrophobic arc of residues Val-93, Phe-89, and Val-85. 

Strands of @ structure were also analyzed with helical 
wheels. If the strands are assumed to be straight, the successive 
side chains will be located 180° apart from the backbone. 
Treating the primary structure of MBP in this fashion resulted 
in the formation of only two distinct hydrophobic clusters: 

Residues 1 1-20: hydrophobic arc formed by Ala- 16, Ala- 
14, and Tyr- 12. 

Residues 11 1-120: hydrophobic arc formed by Ala-1 17, 
Typ-115, and Phe-113. 

However, @ sheets have a tendency to twist; in this case, the 
angle between successive side chains may vary from 180° to 
160O. When the latter angle is used to construct helical wheels 
for MBP, more than two hydrophobic regions are found: 

Residues 12-22: hydrophobic arc formed by Ala- 16, Ala- 
14, Tyr-12, and Met-19. 

Residues 85-93: hydrophobic arc formed by Phe-88, 
Val-86, and Val-93. As previously stated, this fragment also 
has the potential to form the a helix. The theoretical pre- 
dictions of Martenson (1981) indicate that the j3 structure has 
a greater probability of formation in this region, but experi- 
mental evidence to date is not conclusive. 

Residues 109-1 17: hydrophobic arc formed by Leu-1 10, 
Ala-117, Trp-115, and Phe-113. 

In addition to the above segments, there are several longer 
segments in the region containing residues 108-1 55 which will 
also form hydrophobic clusters when the wheels are extended 
outward. The introduction of twisted @ sheets thus appears 
to promote further hydrophobic interactions in MBP, especially 
in the portion near the carboxyl-terminal end. 

In surveying the helical wheels constructed for different 
types of secondary structure, there are certain amino acid 
sequences in MBP which appear especially likely to engage 
in hydrophobic interactions. One segment is located in the 
central portion of the molecule and includes Val-85, Val-86, 
Phe-88, Phe-89, Ile-92, and Val-93. Hydrophobic clusters 
involving most or all of these residues were found in the wheels 
of a-helix, .Ir-helix, and twisted &sheet structures. A second 
sequence contains Leu-1 10, Phe-113, Trp-115, and Ala-1 17. 
Residues from this group were found in hydrophobic clusters 
in the wheels of a-helix, a-helix, straight @-sheet, and twisted 
@-sheet structures. Residues Phe- 1 13, Trp- 1 15, and Ala- 1 17 
are also noteworthy as they comprise part of a nonapeptide 
fragment known to be encephalitogenic in guinea pig (Hashim, 
1982). 
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