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Abstract: Analysis of mouse brain myelin by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis showed
that in the high-molecular-weight range it contained, be-
sides the Wolfgram protein doublet, proteins comigrating
with actin and with both subunits of tubulin. The occur-
rence of these « and 3 subunits was confirmed by peptide
mapping in myelin analyzed by two-dimensional electro-
phoresis. This tubulin did not arise from an artifactual
binding of soluble brain tubulin to the myelin fraction:
addition of exogenously labeled tubulin to brain homog-
enates proved that during myelin isolation by the proce-
dure of Norton and Poduslo (1973) the contaminating tu-

bulin was washed out. On the other hand, the distribution
of tubulin isoforms in myelin was investigated by iso-
electric focusing and compared with the distribution of the
21 isoforms listed for the whole brain soluble tubulin.
It was shown that many isoforms were found in myelin
(three isoforms for the o subunit and nine for the B sub-
unit), and that some isoforms were represented both in
myelin and in soluble tubulin, but in different relative
proportions. Key Words: Tubulin—Myelin— Wolfgram
doublet. de Néchaud B. et al. Characterization of tubulin
in mouse brain myelin. J. Neurochem. 41, 1538-1544
(1983).

Previous results (Gozes and Richter-Landsberg,
1978) had suggested that tubulin may be a compo-
nent of rat brain myelin, a possibility questioned by
Waehneldt and Malotka (1980) in their studies on
myelin from various species.

On the other hand, it was established that the
microheterogeneity of brain tubulin increased
during development and especially that some acidic
isoforms of the § subunit of tubulin appeared only
after the first postnatal week in rat and mouse brain
(Gozes and Littauer, 1978; Dahl and Weibel, 1979;
Denoulet et al., 1982; Wolff et al., 1982).

We were then prompted to investigate the occur-
rence of tubulin in mouse brain myelin and to at-
tempt an identification of the isoforms of this po-
tential tubulin to evaluate the relationship between
the increase of tubulin microheterogeneity and
myelination. In a preliminary report a and B sub-
units of tubulin were both revealed in mouse brain
myelin analyzed by electrophoresis (de Néchaud et
al., 1983). We present now a detailed analysis im-
plying that several of the listed isoforms of tubulin
participate in myelin completicgn.

MATERIALS AND METHODS

Materials

Acrylamide and N,N’'-methylenebisacrylamide (bis-
acrylamide) for isoelectric focusing (IEF) were from
Eastman Kodak, recrystallized as described by Loening
(1967); otherwise, they were from Biorad. Ultrapure urea
was from Schwarz-Mann. Tris, sodium dodecyl sulfate
(SDS), L-glycine, sucrose, and TCA were from Merck.
GTP, dithiothreitol (DTT), EGTA, EDTA, Nonidet P40,
B-mercaptoethanol, L-histidine, and L-glutamic acid were
from Sigma. 4-Morpholinoethane sulfonic acid (MES)
was from Calbochem. Ampholytes were from LKB. Vin-
blastine sulfate was a gift from Eli Lilly. [**S]L-methionine
was from Amersham. Staphylococcus aureus Vg protease
was from Miles. Papaya latex papain (type 1V) was from
Sigma.

Myelin isolation

Myelin was isolated from adult mouse forebrains by a
sequence of discontinuous gradient centrifugations and
osmotic shocks, as described by Norton and Poduslo
(1973). Its purity was checked by electron microscopy
(Baumann et al., 1973), lipid analysis (Baumann et al.,
1973; Bourre et al., 1977), and protein electrophoresis
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(Jacque et al., 1972). After the final washes the pellet was
treated as follows. For slab gel electrophoresis, it was
either suspended in pH 6.4 buffer (0.1 M MES; 1 mM
EGTA; 0.5 mM MgCl,; 0.1 mM EDTA; 1 mM GTP; 1 mM
B-mercaptoethanol) or lyophilized and delipidated in
ether:ethanol (3:2, vol/vol), and suspended in the same
pH 6.4 buffer. Concentrated sample buffer was then
added to obtain final concentrations of 0.08 M Tris-HCl,
pH 6.8; 2% SDS; 0.1 M DTT; 10% glycerol; and 0.001%
bromophenol blue and the samples were heated in boiling
water for 2 min. For IEF the last pellet was homogenized
in pH 6.4 buffer to which were added sample buffer: 2%
Nonidet P 40, 2% ampholytes, 5% (wt/vol, final) B-mer-
captoethanol, and urea (9.5 M final) (O’Farrell, 1975).

SDS-polyacrylamide slab gel electrophoresis

The method used for slab gel electrophoresis was
adapted from Laemmli (1970). A 1-mm thick slab gel
composed of a stacking gel (4.5% acrylamide; 0.12% bis-
acrylamide; 0.125 M Tris-HCI, pH 6.8; 0.1% SDS) and a
separating gel (8% acrylamide, 0.09% bisacrylamide or
12% acrylamide, 0.32% bisacrylamide; 0.375 M Tris-HCI,
pH 8.8; 0.1% SDS) was run at a constant current of 7 mA
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FIG. 1. Electrophoretogram in SDS polyacrylamide gel (12%
acrylamide, 0.32% bisacrylamide). A-C: Delipidated myelin
prepared in pH 6.4 buffer (C), supplemented with 1% SDS
(A) or with 1% Sarkosyl (B). These myelin samples contained
15 pg of protein. Protein concentrations were determined by
the method of Bramhall et al. (1969). D: Purified human basic
protein (bp, gift of Dr. Claude Jacque). E: Tubulin-enriched
fraction obtained by one-cycle microtubule setf assembly
from mouse brain soluble extract (Denoulet et al., 1982). 1,
Limit between the stacking gel and the separating gel. Dis-
tance between 1 and the tracking dye front was 14.5 cm. tub.,
Tubulin; Wy and W,, fast- and slow-migrating Wolfgram
doublet components; act, actin; |bp, large basic protein;
psbp, presmall basic protein; sbp, small basic protein. No-
menclature according to Waehneldt and Malotka (1980).
Coomassie Blue stain.

until the bromophenol blue front reached the bottom of
the gel. Running buffer was 0.05 M Tris, 0.38 M L-glycine,
and 0.1% SDS.

Contamination of myelin by radioactively
labeled tubulin

C1300 mouse neuroblastoma was cultured for 24 h in
the presence of [**S]L-methionine (Eddé et al., 1982). The
cells were harvested, sonicated, and centrifuged at 12,000
g for 10 min at 4°C. The supernatant (gift of B. Eddé)
was precipitated by 1 mM vinblastine and centrifuged at
100,000 g for 45 min. The vinblastine precipitate, con-
taining mostly tubulin and some actin as seen on slab gel
electrophoretograms, was dissolved in the pH 6.4 buffer
(see Myelin Isolation) and added during homogenization
in 0.32 M sucrose to the mouse forebrains (6 x 10° cpm
for 3 g of forebrain). Myelin was then isolated as previ-
ously described. At each step throughout the isolation
procedure, the amount of radioactivity was estimated ei-
ther directly in the trichloroacetic acid (TCA)-insoluble
fractions, or by autoradiography of electrophoretograms
of the isolation fractions.

Isoelectric focusing and two-dimensional
gel electrophoresis

For IEF we used the O’Farrell procedure (1975) mod-
ified by Wolff et al. (1982). The modifications included
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FIG. 2. Electrophoretogram in SDS polyacrylamide gel (8%
acrylamide, 0.09% bisacrylamide). A—C: Delipidated myelin
prepared in pH 6.4 buffer (A), supplemented with 1% SDS
(B) or with 1% Sarkosyl (C). Protein content was as described
in the legend to Fig. 1. D: Tubulin-enriched fraction from
mouse brain soluble extract (cf. legend to Fig. 1). Distance
between 1 (upper limit of separating gel) and 2 (bromophenol
blue front) was 6.5 cm. a, a Subunit; B, B subunit of tubulin
(tub.); x, unidentified component; W,, slow-migrating Wolf-
gram component; W,, fast-migrating Wolfgram component;
act, actin. Coomassie Blue stain.
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the length of the gels (18 cm), the pH range of the am-
pholytes (4—6), the electrode reservoir solutions (10 mM
L-histidine in cathode reservoir, 10 mM L-glutamic acid
in anode reservoir), and the prefocusing step.

For the second dimension, as described by O’Farrell,
the equilibrated IEF gels were fixed by agarose on the
top of 1-mm thick gel composed of a 2-cm long stacking
gel (5% acrylamide, 0.13% bisacrylamide) and a 24-cm
long separating gel (8% acrylamide, 0.09% bisacryl-
amide). Running and gel buffers as well as running con-
ditions were the same as those described in the section
on SDS polyacrylamide slab gel electrophoresis.

Peptide mapping

. Slices from the IEF gels, bands from monodimensional
electrophoretograms, and spots from the two-dimen-
sional electrophoretograms were cut out. They were then
digested and analyzed as described by Cleveland et al.
(1977). Sometimes we used a lower amount of bisacryl-
amide in the separating gel (0.0875% instead of 0.4%),
resulting in a better spread of the peptide distribution (for
instance, compare Fig. 3 with Fig. 6).

Gel stain
Slab gels, IEF, and two-dimensional gels were stained
for 1 h with 0.25% (wt/vol) Coomassie Brilliant Blue in
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FIG. 3. Peptide mapping of « and 8
tubulin subunits («,) from mouse
brain myelin (MYE) and tubulin-en-
riched soluble extract (SE), and of
W, and W, Wolfgram components.
The proteins were separated by
electrophoresis as described in the
legend to Fig. 2, cut out from the
gels, and proteolyzed by S. aureus
protease (A, 12.5 ng of protease
per slot) or by papain (B, 5.0 ng of
papain per slot). SDS-polyacryl-
amide separating gel (15% acryl-
amide; 0.0875% bisacrylamide).
Silver stain.

50% (vol/vol) methanol and 7% acetic acid. They were
destained in 45% methanol, 5% acetic acid. For peptide
mapping, we used silver stain (Oakley et al., 1980).

RESULTS

Analysis of the mouse brain myelin on SDS-poly-
acrylamide slab gels led to electrophoretic profiles
very similar to the ones published by Waehneldt and
Malotka (1980). We did not find differences in these
profiles when the buffer in which myelin was pre-
pared was supplemented by SDS or by Sarkosyl
(Figs. 1 and 2). As previously stated (Gozes and
Richter-Landsberg, 1978; Waehneldt and Malotka,
1980), besides the Wolfgram protein doublet, there
were proteins comigrating with tubulin and with
actin. Moreover, the resolution in the 8% acryl-
amide slab gel (Fig. 2) allowed us to separate o and
8 subunits of tubulin, in the soluble brain tubulin as
well as in myelin. W5, the slow-migrating Wolfgram
doublet component, was clearly distinct from the $
subunit of tubulin by its migration (Figs. 1 and 2).
The peptide mapping of the protein bands resolved
by slab gel electrophoresis (as in Fig. 2) was ob-
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FIG. 4. Isoelectric focusing pattern (mod-
ified procedure of Wolff et al., 1982) of
adult mouse brain purified soluble tu-
bulin (A) prepared as described by Wein-
garten et al. (1975), of adult brain myelin
(C, D), and of a mixture of both (B). act,
Actin. For the purified soluble tubulin (A),
the seven isoforms of the a subunit of
tubulin (a tub) and the 14 isoforms of the
8 subunit (B tub) are numbered according
to Wolftf et al. (1982), whereas the 15 fo-
cusing bands of the myelin preparation
(D) are lettered. Coomassie Blue stain.

a tub

tained after limited proteolysis (Cleveland et al.,
1977) by two different enzymes (Fig. 3). It allowed
us to identify the two tubulin subunits from myelin
by reference to those from brain soluble extract al-
though the pattern of the 8 subunit from the myelin
included additional peptides, resulting probably
from proteins comigrating with this subunit. The
peptide map proved also the difference between
each of the tubulin subunits and the Wolfgram
doublet and, further, the strong resemblance be-
tween W, and W,, previously noticed by Nussbaum
et al. (1977) in immunochemical studies.

To ascertain that tubulin found in the myelin prep-

act

arations did not arise from an artifactual binding of
cytoplasmic tubulin during the isolation procedure
we contaminated the brain homogenate with exog-
enously labeled tubulin and followed the distribu-
tion of the radioactivity throughout the myelin iso-
lation. The initial amount of radioactivity was 610
X 10% cpm; 138 x 103 cpm (23%) was found in the
interface of the first sucrose gradient, 17 X 10° cpm
(3%) in the pellet after the sucrose washout, and 1.6
x 10° cpm (0.3%) in the pellet after the two con-
secutive osmotic shocks. In the interface of the
second sucrose gradient 7 X 10? cpm (0.1%) re-
mained, and in the pellet after the following sucrose
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FIG. 5. Two-dimensional electrophoretogram of mouse
brain myelin. The |EF gel was adjusted to the top of the SDS
polyacrylamide slab gel by cutting 6 cm at its acidic end.
Distance between the upper limit of the separating gel (1)
and the dye front (2) was 24 cm. act, Actin; a—d, spots in the
tubulin area. Coomassie Blue stain.

washout, the amount of radioactivity was undetect-
able. Thus the trapping of soluble tubulin occurring
during the initial step of myelin isolation was elim-
inated in the next steps. A similar conclusion was
drawn from this type of myelin cross-contamination
by Gozes and Richter-Landsberg (1978).

The IEF analysis of myelin preparation showed
several bands in the isoelectric point range of tubu-
lin (Fig. 4). Five of them fitted within the « subunit
isoform range and nine within the g isoform range,
excluding the o-lettered bayd, which is more acidic
than the 21st isoform. On the two-dimensional elec-
trophoretograms two spots ranked among tubulin
subunits by their isoelectric points and by their ap-
parent molecular weights (spots a and d on Fig. 5).
There were also two proteins focusing as a isoforms
but running faster in the second dimension (spots b
and ¢ on Fig. 5), and another protein with coinci-
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FIG. 6. Peptide mapping of a and B subunits (a.B) of purified
mouse brain soluble tubulin, of mouse brain actin (Ac), of
some cytoskeletal proteins of C1300 mouse neuroblastoma
{numbered 1, 2, 3, 4, 5, 6 according to Eddé et al., 1982), and
of several components of mouse brain myelin (e and | are
the two IEF bands lettered on gel D of Fig. 4; a, b, ¢, and d
are the spots on the two-dimensional electrophoretogram,
Fig. 5). The amount of S. aureus protease was 1.0 ng per slot.
The separating gei was 15% acrylamide, 0.4% bisacrylamide.
Silver stain. Notice that there are no additional peptides in
the tubulin B subunit from myelin isolated by two-dimen-
sional electrophoresis, in contrast with Fig. 3.

dent isoelectric point but smaller apparent molec-
ular weight (star on Fig. 4). Spots a, b, ¢, and d
were excised from two-dimensional electrophoreto-
grams and submitted to partial proteolysis (Cleve-
land et al., 1977). The peptidic patterns (Fig. 6) pro-
vided identification of the protein from spot a with
the a subunit of tubulin and of that from spot d with
the B subunit. Both spots b and ¢ showed the same
pattern, different from both tubulin subunits and
from vimentin (row numbered 5 on Fig. 6) but iden-
tical to the one published by Eddé et al. (1982) for
a still unidentified component of C1300 neuroblas-
toma cells (spot 4 in their publication and row 4 on
Fig. 6).

To enumerate the isoforms of tubulin in myelin,
we used the procedure of Denoulet et al. (1982).
This procedure avoids overlapping between two
closely adjacent IEF bands during the second di-
mension run and sorts by their molecular weights
the potential proteins focusing at the same isoelec-
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FIG. 7. Two-dimensional electrophoretogram of mouse
brain myelin after slicing and spacing of the |EF gel (pro-
cedure of Denoulet et al., 1982). «, o Tubulin isoform no. 5
of purified brain soluble tubulin; a—o, bands cut out from
stained IEF gel of myelin; 8, B tubulin isoform no. 15 of pu-
rified brain soluble tubulin. For lettering and numbering,

refer to fig. 4. +, Refer to fig. 5. smw, Small molecular-weight
component. Silver stain.

tric point. Figure 7 showed the result obtained by
slicing an IEF gel (similar to gel D, Fig. 4) and
spacing the slices. Myelin contained three « iso-
forms (bands a, b, and d) and nine B isoforms (bands
f, g, h, i, j, k, 1, m, and n). The two unidentified
proteins referred as spots b and ¢ on Fig. 5 were
found, respectively, in bands ¢ and e (Fig. 4). Band
¢ harbored an additional small molecular-weight

component, pointed out by a star on Fig. 5. Band
o corresponded to a very small molecular-weight
component (smw on Fig. 7).

Two examples of peptide mapping of individual
IEF bands are shown on Fig. 6. The pattern given
by band 1 evoked a B isoform of tubulin (compare
to rows 3, 3, 6, and d) although band e exhibited a
less clear pattern, obviously because this band
joined two proteins focusing at the same point.

Assimilation of the tubulin isoforms enumerated
in myelin with the isoforms in purified mouse brain
soluble tubulin listed by Wolff et al. (1982) was
somewhat difficult. Coincidence between isoelec-
tric points was not easy to demonstrate (see, for
example, gel B on Fig. 4). However, among the
reference B isoforms, there was a triplet (isoforms
8, 9, 10) followed by two doublets (isoforms 11 and
12, 13 and 14). On the basis of this peculiar spacing,
we propose to assimilate band g with isoform 10, h
with 11, i with 12, j with 13, k with 14, 1 with 15.
We noticed also that the distribution of these bands
was rather different in myelin. In soluble tubulin,
among the doublets, 12 was stronger than 11, and
14 than 13; it seems to be the reverse in myelin in
all the preparations tested.

DISCUSSION

Our results with SDS-polyacrylamide slab gel
electrophoresis are inconsistent with those of Reig
et al. (1982), who assimilated the W, Wolfgram
component with a tubulin-like protein. We confirm
the presence in mouse brain myelin of the two Wolf-
gram components, W; and W, (Waehneldt and Mal-.
otka, 1980), differing from each other and from the
subunits of tubulin by their apparent molecular
weights. Moreover, both peptide patterns generated
by limited proteolysis with papain or with S. aureus
protease reveal the dissimilarity between W, and
tubulin and the similarity between W, and W;. W,
and W, also share common antigenic determinants
(Nussbaum et al., 1977), and their restricted local-
ization in the oligodendroglial cells and in the
myelin sheaths (Roussel et al., 1977) prevents any
confusion with tubulin.

The demonstration of the occurrence of tubulin
in brain myelin was first achieved by Gozes and
Richter-Landsberg (1978) and related to the well-
documented association of tubulin with membranes
(Feit and Barondes, 1970; Walters and Matus, 1975;
Bhattacharyya and Wolff, 1976; Gozes and Littauer,
1979; Strocchi et al., 1981). In our study, mouse
brain myelin was analyzed by high-resolution tech-
niques, and the distribution of its isotubulins was
established by reference to purified whole brain sol-
uble tubulin; there is less microheterogeneity in
myelin (three « isotubulins and nine B isotubulins)
and a different relative proportion among the
common isoforms. Similar conclusions were drawn

J. Neurochem., Vol. 41, No. 6, 1983
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by Gozes and Littauer (1979) when they compared
the tubulin associated with the presynaptic mem-
brane with the cytoplasmic (soluble) tubulin. What
then is the role of isotubulins in myelin? Are they
associated with myelin as they would be with any
brain membrane? Do they play a more specific role
during myelination or after, during the interchanges
between the myelinated axons and their surround-
ings? Do they only reflect the isotubulin pattern of
the oligodendrocyte or are they synthesized by this
glial cell especially for the myelin fraction? As a
matter of fact, dissimilarities in the distribution of
isotubulins from neuronal and glial cells were re-
ported by Gozes et al. (1979) and by Moura Neto
et al. (1982; 1983).
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