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Myelin isolated from the central and peripheral nervous system contains a Mg2+_
dependent protein kinase that catalyses phosphorylation of myelin-specific proteins.
This phosphorylation is markedly stimulated by Ca2+ but not by cyclic AMP. Evidence
was obtained that suggested an involvement of calmodulin-like protein in the stimulatory
effects of Ca2+ on myelin phosphorylation.

Myelin isolated from the central and peripheral
nervous system contains protein kinase(s) and phos-
phatase(s) that catalyse phosphorylation and de-
phosphorylation of myelin proteins (Carnegie et al.,
1973, 1974; Steck & Appel, 1974; Miyamoto &
Kakiuchi, 1974, 1975; Miyamoto, 1975, 1976;
Singh & Spritz, 1976; McNamara & Appel, 1977;
Yourist et al., 1978). With the central-nervous-
system myelin, small and large basic proteins, and
with the peripheral-nervous-system myelin, glyco-
protein and basic proteins are reportedly phos-
phorylated under conditions both in vitro and in
vivo. Whenever tested, cyclic AMP produced only a
modest (25-30%) increase in the phosphorylation
and only when Triton X-100-dispersed myelin was
used in the assay. Despite the fact that cyclic
nucleotide-stimulable kinase represents only a small
fraction (6%) of the total myelin kinase activity
(Petrali et al., 1979), very little attention has been
directed towards the study of cyclic nucleotide-
independent kinase. We have reported that Ca2+ in
micromolar concentrations profoundly stimulated
endogenous Mg2+-dependent protein kinase-cata-
lysed phosphorylation of the rat central-nervous-
system myelin basic proteins, the extent of stimu-
lation being 2-10-fold depending on whether Triton
X-100 was present in the phosphorylation assay
(Sulakhe et al., 1978; Petrali et al., 1979). In the
present paper we show that phosphorylation of the
rat peripheral-nervous-system myelin proteins,
like the central-nervous-system myelin proteins,
is markedly stimulated by Ca2+ (but not cyclic
AMP). We also present some evidence that cal-
modulin-like protein(s) are involved in the stimu-

Abbreviations used: SDS, sodium dodecyl sulphate.

latory effect of Ca2+ on the central-nervous-sys-
tem-myelin phosphorylation.

Experimental
Isolation ofmyelin

Myelin was isolated [essentially by the method of
Norton & Poduslo (1973)] from each of the
following rat (Wistar, male, 190-240g) tissues:
brain-stem white matter, spinal cord, cauda equina
and sciatic nerve. Briefly, 10% (w/v) homogenate
(Teflon/glass homogenizer) in 0.25 M-sucrose/
0.2mM-dithiothreitol/lOmM-Tris/HCl, pH 7.8, was

centrifuged at 10000g., for 30min to obtain a

myelin-enriched particulate fraction, which after
hypo-osmotic shock and sonication was subjected to
discontinuous-sucrose-density-gradient centrifuga-
tion. The band (0.32/0.88 M-sucrose interface) was
diluted with 5 mM-Tris/HCl, pH 7.8, and centrifuged
twice to obtain the myelin pellet. This was again
subjected to a second sucrose-density-gradient
centrifugation and the band (0.32/0.65 M-sucrose
interface) was removed, centrifuged, the pellet
washed and finally suspended in the homogenizing
buffer.

Polypeptide profiles of the central-nervous-system
(brain stem and spinal cord) and peripheral-ner-
vous-system (cauda equina and sciatic nerve) myelin
were essentially in good agreement with those
reported in the literature [see reviews by Norton
(1977) and Braun & Brostoff (1977)]. The termin-
ology used for the myelin proteins is that described
by Greenfield et al. (1973).

Phosphorylation assay, electrophoresis and radio-
autography

Incubations at 300C were carried out in the
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standard reaction mixture (0.15 ml), which con-
tained 30mM-Tris/HCl, pH 7.4, 1mM-MgC12, 1mM-
EGTA and 50,U m-[y-32P]ATP (specific radio-
activity 100-300c.p.m./pmol) and 50-100ug of
myelin protein. Whenever added, Triton X-100 was
present at 2.2,umol/mg of protein, cyclic AMP at
5puM and CaCl2 at 1.00mM (l5puM free Ca2+). Under
these conditions, phosphorylation was linear up to
3 min of incubation and thereafter increased steadily,
reaching a maximal value by 15-20min incubation,
and was proportional to protein concentration from
20-200,ug in the assay. The reaction was termin-
ated by addition of 30,u1 of 'solubilizing buffer'
(Dunkley et al., 1976) and the SDS-solubilized
membrane proteins were subjected to slab-gel
electrophoresis by the Laemmli (1970) procedure.
The slab was stained with Coomassie Blue, de-
stained in 10% (v/v) acetic acid, treated with 70%
(v/v) methanol/3% (v/v) glycerol and dried on
Whatman no. 1 filter paper under vacuum. The dried
gel was placed in contact with Kodak X-omat R film
for 1-3 days and the resulting radioautogram was
scanned at 595 nm. The Coomassie Blue-stained-
polypeptide pattern was also obtained by scanning
the gels at 595 nm. All other details have been
reported elsewhere (Petrali et al., 1979).
When total phosphate incorporation was deter-

mined, the reaction was terminated with ice-cold
10% (w/v) trichloroacetic acid and the remaining
procedure was essentially that described by Kuo &
Greengard (1970) (also see Petrali et al., 1979).

Essentially similar results were obtained with
brain-stem-white-matter, spinal-cord, cauda-equina
or sciatic-nerve myelin. The data for brain stem
(central nervous system) and sciatic nerve (peri-
pheral nervous system) are presented here.

Materials

The sources of these were described previously
(Petrali et al., 1979). Partially purified calmodulin-
deficient cyclic AMP phosphodiesterase and puri-
fied calmodulin [both from bovine heart; see Teo &
Wang (1973) and Teo et al. (1973)] and purified
modulator-binding protein [from bovine brain; see
Wang & Desai (1977)] were kindly supplied by Dr.
J. H. Wang of the University of Manitoba, Winnipeg,
Manitoba, Canada.

Results

Myelin isolated from the rat central (spinal cord
or brain-stem white matter) and peripheral (sciatic
nerve or cauda equina) nervous systems contained
Mg2+-supported endogenous protein kinase activity
that effected phosphorylation of endogenous pro-
teins. For central-nervous-system myelin, the sub-

strate proteins were large and small basic proteins
[relative molecular mass (Mr) 18000 and 16000
respectively] (Petrali et al., 1979), whereas the
major glycoprotein P0 (Mr 28000), was the major
phosphorylatable protein for peripheral-nervous-
system myelin (results not shown). In the latter case,
phosphorylation of polypeptides Y (M, 26 500),
PI (Mr 18000) and P2 (Mr 15000) was also ob-
served. With either peripheral- or central-nervous-
system myelin, cyclic AMP (1 nM-100,uM) caused a
very weak stimulatory effect on phosphorylation (with
or without Triton X-100 in the assay) (Table 1). On
the other hand, Ca2+, in micromolar concentrations,
stimulated phosphorylation by 4-6-fold when Triton
X-100 was included in the assay, and about
2-3-fold when the detergent was absent. Ca2+
action was biphasic, with stimulation at low (half-
maximal at 5pM free Ca2+) and inhibition at the
higher (>l100uM) concentrations. Amongst the
bivalent cations tested, Sr2+, Ba2+ and Mn2+
mimicked the Ca2+-stimulatory action, but only with
up to 20%o efficacy. The phosphorylation reaction
was optimum at pH 6.5 and 370C, showed an
apparent affinity towards MgATP2- of about 50-
75pM, and required 15-20mM-Mg2+ for maximal
activity (half-maximal at 3 mM-Mg2+). Ca2+ in-
creased the rate of reaction but did not cause any
detectable change in the apparent Km for MgATP2-.
Kinetic analysis (Eadie-Hofstee and Scatchard
plots) revealed the presence of two Mg2+-binding
sites characterized by high (Kapp. of 100pM, site A)
and low (Kapp. of 3-5 mm, site B) apparent affinity
towards Mg2+. Ca2+ showed no effect on the Kapp of
site A towards Mg2+, but did cause an increase of
approx. 4-10-fold in the Kap,,p of site B. Triton
X- 100 caused an increase in the V.., but did not
influence any of the other kinetic parameters tested
(with and without Ca2+). With either rat brain white
matter or sciatic nerve, the Ca2+-sensitive kinase was
exclusively particulate and not found in the soluble
fraction; the particulate Ca2+_sensitive kinase was
mostly recovered in the myelin. The soluble (cyto-
solic) fraction contained cyclic AMP-stimulable
kinase activity, which effected phosphorylation of
soluble proteins of mol.wt. higher than 45 000.

With either central- or peripheral-nervous-system
myelin, the phosphorylated product was hydroxyl-
amine-insensitive, alkali-labile, acid-stable and phos-
phatase-labile. Serine residues and, to a small extent,
threonine residues of the central-nervous-system
myelin basic proteins, were phosphorylated by the
endogenous kinase and Ca2+ promoted phos-
phorylation of serine residues.
When central-nervous-system myelin was ex-

posed to EGTA and then centrifuged and washed,
there was a marked decrease (40-60%) in the
Ca2+-stimulable phosphorylation of basic proteins
compared with myelin treated identically but with-
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Table 1. Phosphorylation of myelin isolatedfrom the central and peripheral nervous system: effects of cyclic AMP and
Ca2+ in the absence andpresence of Triton X- 100

Myelin was phosphorylated for 2 min (Expt. 1) or 15 min (Expt. 2) at 30°C under the standard assay conditions.
When added, Triton X-100 was present at 2.2,umol/mg of protein, cyclic AMP at 5,UM, and Ca2+ at 15puM. The
numbers in parentheses represent the difference between cyclic AMP or Ca2+ and basal (no addition) phosphoryla-
tion. Results represent the means + S.E.M. of 8-13 experiments.

32p incorporation (pmol/mg of protein)

Peripheral-nervous-system myelin
(sciatic nerve)

Without Triton X-100

II1+ 1
15±2 (4)
22 + 2 (9)

56+4
58 ± 6 (2)
112+ 10(56)

With Triton X-100

29+2
32+3 (3)
70+ 6 (41)

137+ 11
147 + 16 (10)
851+50(714)

Central-nervous-system myelin
(brain-stem white matter)

r

Without Triton X- 100

80+7
82 + 8 (2)
227+ 21 (147)

239 ± 15
272 + 26 (33)
539+ 51 (300)

With Triton X- 100

149 ± 13
160 + 20 (11)
494 ± 59 (345)

564 + 50
604 ± 30 (40)
1223 + 90 (659)

Table 2. Decrease in the Ca2+-stimulable phosphorylation of myelin by its prior treatment with EGTA and restoration
ofCa2+-stimulablephosphorylation by addition ofthe EGTA extract or purified bovine heart calmodulin

Control myelin (CM) was exposed to 2mM-EGTA in lOmM-Tris/HCl (pH 7.4)/0.25M-sucrose at 0°C for 30min
and was then centrifuged at 40000g for 1h. The pellet, the EGTA-extracted myelin (EM), and the supernatant
fluid (EGTA extract, EE) were removed. Samples CM, EM and EE were incubated under the standard phosphoryla-
tion assay conditions for 2min with or without Triton X-100 and with and without cyclic AMP (5,UM) or Ca2+
(50M free cation) or calmodulin (CaM). EGTA extract (EE) was dialysed against lOmM-Tris/HCl, pH7.4,
containing 1mM-MgCl2 before its use. Protein concentrations in the assay were: samples CM or EM, 80+3 pg;
sample EE, 13±2,ug; calmodulin, 1.2,ug. The values in parentheses represent percentage activity, with 100% set
according to respective controls used. Results are expressed as the means + S.E.M. for three experiments.

32P incorporation (pmol/2 min)
Triton

Fraction X-100
used in assay

- 10.7+0.4 (100)
- 4.0+0.3 (37)
- 0.3 + 0.02
- 11.1+1.0(104)
- 5.6+0.4 (52)
- 5.9 +0.5 (55)
+ 13.6 + 1.1 (100)
+ 9.6 + 0.8 (70)
+ 0.2+0.01
+ 13.9±1.2(102)
+ 12.3+1.3 (90)
+ 12.1 + 1.0 (89)

+Cyclic AMP
11.9± 1.3
6.3 + 0.5
0.2+0.01
12.0+ 1.0
6.9 + 0.7
7.0+ 0.6
17.8+ 1.6
14.4 + 1.3
0.2 + 0.01
17.9 + 1.7
17.4 + 1.6
16.4 + 1.5

+Ca2+
31.0+ 3.0
16.9 + 1.7
0.4 + 0.03

34.0 + 3.3
27.5 + 2.6
23.2 + 2.2
66.2 + 6.0
31.3 + 2.9
0.3 ± 0.01

60.0 + 5.3
58.3 + 4.8
52.2+ 4.9

+Cyclic AMP
minus basal

1.2+0.16 (100)
2.3 ±0.21 (138)
0
0.9 +0.12 (77)
1.3 +0.17 (108)
1.1 + 0.13 (77)
4.2 + 0.54 (100)
4.8±0.61 (117)
0
4.0+0.52 (95)
5.1 + 0.66 (119)
4.3 ± 0.56 (95)

+Ca2+
minus basal

20.3 ± 2.8 (100)
12.9 + 1.8 (59)
0.1

22.9 + 3.2 (112)
21.9± 3.1 (109)
17.3+2.4 (87)
52.6 + 2.9 (100)
21.7 + 2.6 (44)
0.1

46.1 + 2.3 (125)
46.0+ 2.5 (120)
40.1 ± 3.8 (98)

out EGTA (Table 2). The EGTA extract, which had
barely detectable phosphosphorylating activity,
when added back to the assay mixture, restored the
Ca2+-stimulable phosphorylation. The EGTA
extract, even after extensive dialysis and heating to
1000C for 15 min, was capabe of restoring the
Ca2+-stimulable phosphorylation of the EGTA-
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treated myelin to that observed in control myelin.
Basal phosphorylation of the EGTA-treated myelin
was also decreased, even though to a lesser extent
than in the Ca2+-stimulable reaction. The extract
also restored to a large extent the decreased basal
phosphorylation of the EGTA-treated myelin.
Cyclic AMP-stimulable phosphorylation, which al-

Assay
additions

Expt. 1
None
Cyclic AMP
Ca2+

Expt. 2
None
Cyclic AMP
Ca2+

Basal
CM
EM
EE
CM + EE
EM + EE
EM + CaM
CM
EM
EE
CM + EE
EM + EE
EM + CaM
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though modest in amount, was not decreased after
EGTA treatment, but in fact was increased (up to
40%). Calmodulin (bovine heart) showed the same
effect as the EGTA extract on both basal and
Ca2+-stimulable phosphorylation. Interestingly, the
extract moderately increased the Ca2+-stimulable
phosphorylation of the control myelin as well. That
the extract contains calmodulin-like protein(s) was
established in two ways: (1) the extract contained a
polypeptide that co-migrated with purified bovine
heart calmodulin; (2) the EGTA extract restored the
Ca2+-sensitive phosphodiesterase activity of the
calmodulin-deficient bovine heart cyclic AMP phos-
phodiesterase preparation to the same extent as
calmodulin (results not shown).

Discussion

The present study clearly shows that myelin
protein kinase-catalysed phosphorylation of myelin
proteins is markedly stimulated by Ca2+ and only
modestly by cyclic AMP. This is true irrespective
whether central- or peripheral-nervous-system
myelin is used in the investigation. Our previous
work on cyclic AMP- and Ca2+-stimulable phos-
phorylation of rat brain white matter (Petrali et al.,
1979) or sciatic-nerve homogenate(s) (E. H. Petrali
& P. V. Sulakhe, unpublished work) and subcellular
fractions derived from these indicated that the
Ca2+-sensitive kinase is exclusively particulate,
mostly present in the myelin, whereas the cyclic
nucleotide-sensitive kinase is a soluble enzyme in
these tissues. In view of the considerable similarities
in the effects of temperature of the assay and NaF
(Petrali et al., 1979) as well as EGTA treatment (the
present study) on basal and Ca2+-stimulable phos-
phorylation, it is tempting to suggest that most of the
basal myelin kinase activity is due to the same
enzyme that is stimulated by Ca2+. The present
evidence, although not conclusive, implies that
calmodulin-like protein(s) are involved in the mech-
anism through which Ca2+ exerts its effects on the
kinase. The likely mechanism involved in the Ca2+
effect on myelin phosphorylation appears similar to
that proposed for the Ca2+ activation of the cyclic
nucleotide phosphodiesterase. According to this [see
review by Wang & Waisman (1979)], Ca2+ binds to
calmodulin and the Ca2+-calmodulin complex inter-
acts with the inactive phosphodiesterase, with the
resultant increase in enzyme activity. In the case of
myelin, the Ca2+-calmodulin complex interacts with
the myelin kinase, leading to enhanced kinase
activity, which is reflected in increased phos-
phorylation of basic proteins (central nervous
system) or glycoproteins and other proteins (peri-
pheral nervous system). Further support to this
postulate comes from the observations that: (1) the
apparent affinity of the calmodulin-Ca2+ binding

site as well as of the myelin phosphorylation reaction
towards Ca2+ is very similar (3-5 uM); (2) myelin
reportedly contains a high-affinity 45Ca2+-binding
site (Kapp. of about 10Mm) (Hemminki, 1974); (3) the
dependence of Ca2+-stimulable cyclic nucleotide
phosphodiesterase and that of myelin phosphoryla-
tion on Mg2+ (with and without Ca2+) is also very
similar; (4) calmodulin-binding protein, which selec-
tively inhibits Ca2+-calmodulin-activatable phos-
phodiesterase activity (see Wang & Waisman,
1979), also inhibits Ca2+-stimulable myelin phos-
phorylation (results not shown).
A unique feature of myelin phosphorylation is

that, under conditions both in vitro and in vivo, the
same proteins of either central- or peripheral-ner-
vous-system myelin are phosphorylated (Miyamoto
& Kakiuchi, 1974; Steck & Appel, 1974; Singh &
Spritz, 1976), a situation clearly different from most,
if not all, of the studies on membranes from other
mammalian sources, which reveal considerable
differences in the proteins phosphorylated under
conditions in vivo and in vitro. The observation that
Ca2+, but not cyclic AMP, significantly promotes
phosphorylation of specific myelin proteins also
provides an excellent opportunity to use myelin to
investigate the properties of a membrane-bound
Ca2+-sensitive kinase. A detailed study of the
changes in the Ca2+ concentrations or fluxes in
sciatic nerve in relation to myelin phosphorylation
may provide clues concerning a likely role of
phosphorylation of (basic) proteins in myelin struc-
ture and function.

This study was supported by the Canadian Medical
Research Council.
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