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ABSTRACT Young and adult rats received intracranial injections of [3~P]orthophosphoric acid. 
The time course of the appearance and decay of the radioactive label on basic proteins in 
isolated myelin was followed for 1 too. Incorporation was maximal by 1 h, followed by a 
decay phase with a half-life of approximately 2 wk. However, radioactivity in the acid-soluble 
precursor pool (which always constituted at least half of the total radioactivity) decayed with 
a similar half-life, suggesting that the true turnover time of basic protein phosphates might be 
masked by continued exchange with a long-lived radioactive precursor pool. Calculations 
based on the rate of incorporation were made to more closely determine the true turnover 
time; it was found that most of the phosphate groups of basic protein turned over in a matter 
of minutes. Incorporation was independent of the rate of myelin synthesis but was proportional 
to the amount of myelin present. Experiments in which myelin was subfractionated to yield 
fractions differing in degree of compaction suggested that even the basic protein phosphate 
groups of primarily compacted myelin participated in this rapid exchange. Similar studies were 
carried out on the metabolism of radioactive amino acids incorporated into the peptide 
backbone of myelin basic proteins. The metabolism of the methyl groups of methylarginines 
also was monitored using [methyl-3H]methionine as a precursor. In contrast to the basic 
protein phosphate groups, both the peptide backbone and the modifying methyl groups had 
a metabolic half-life of months, which cannot be acounted for by reutilization from a pool of 
soluble precursor. The demonstration that the phosphate groups of myelin basic protein turn 
over rapidly suggests that, in contrast to the static morphological picture, basic proteins may 
be readily accessible to cytoplasm in vivo. 

Myelin is a compact, multilamellar extension of the mem- 
brane of specialized cells that surrounds nerve axons and 
functions to increase conduction velocity (for reviews, see 
references 15 and 43). The oligodendroglial cells in rat brain 
start producing myelin in substantial quantities between post- 
natal days l0 and 12. Myelin then accumulates at an increas- 
ingly rapid rate until 20 d of age, when the rates of synthesis 
and accumulation decrease progressively (47). Because of its 
high concentration of lipid (70%) and resulting low buoyant 
density, myelin of the central nervous system (CNS) is readily 
isolated by sucrose density gradient centrifugation (46). Dur- 
ing the period of rapid myelin accumulation, it is possible to 
isolate subfractions of myelin that appear to represent differ- 
ent degrees of compaction and possibly different stages in the 
development of this specialized membrane system (3, 9, 34). 

In mammals, one-third of the total myelin protein of the 

CNS is present as a group of proteins that are closely related 
in sequence, the myelin basic proteins (12, 31). These proteins 
are located at the apposition of the very closely apposed 
cytoplasmic faces of the myelin membrane (48). The peptide 
backbones of the basic proteins have been shown to be 
metabolically very stable, with half-lives of many months (22, 
53). This metabolic stability has been attributed in large part 
to the highly compacted, multilamellar structure of myelin, 
in which protein components may not be easily accessible to 
cytoplasm (13). If this is true, it is to be expected that any 
secondary modifying groups of these proteins may also be 
metabolically very stable. 

Posttranslational modifications of the myelin basic proteins 
include methylation and phosphorylation. A cytosolic S-ad- 
enosylmethionine-myelin basic protein (arginine) methyl- 
transferase catalyzes the conversion of a specific arginine 
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residue in a fraction of the basic protein molecules to either 
NG-monomethylarginine or NG,N'°-dimethylarginine (5, t4, 
16, 18, 26, 37, 38). It is not known whether basic protein 
methyl groups turn over independently of  the peptide back- 
bone, although it has been shown that methylarginine in 
chicken myelin basic protein is quite stable, turning over with 
an apparent half-life of  ~ 4 0  d (54). 

Phosphorylated basic protein from several mammalian spe- 
cies has been shown to contain 0.2 mol of  phosphorus per 
tool of  protein, of  which at least 0.07 and 0.09 mol are 
associated with phosphoserine and phosphothreonine, respec- 
tively (32, 40). Both an endogenous kinase (32, 39, 40, 49, 
55-57) and a phosphatase (36, 41) have been identified in 
purified myelin. Although the turnover rate of  basic protein 
phosphate groups labeled by intracraniai injection of [32p]. 
phosphate into rodents has been studied in vivo, the interpre- 
tations of previously reported results have been contradictory, 
ranging from hours (40) to weeks (33) to possible stability (2). 
This report demonstrates that data from the previously pub- 
lished studies were not sufficient to draw quantitative conclu- 
sions of phosphate group turnover on myelin basic protein 
because, after intracranial injection, much of the radioactive 
phosphate may remain in a precursor pool for several weeks. 
We used a more appropriate experimental design that dem- 
onstrates that the turnover of myelin basic protein phosphate 
groups takes place in a matter of  minutes, or even more 
rapidly. In contrast, the methyl groups of basic proteins were 
found to be as stable as the peptide backbone. Our findings 
suggest a need for the reassessment of the metabolic dynamics 
of  myelin; it is possible that the tightly packed, multilamellar 
membrane stack is a more accessible structure than indicated 
by static morphological studies. 

MATERIALS AND METHODS 

Materials: [33p]Orthophosphorie acid (cartier free), [2-3H]glycine 
(30-60 Ci/mmol), [methyl-3H]methionine (5-15 Ci/mmol), and Protosol were 
obtained from New England Nuclear (Boston, MA). [32p]Orthophosphoric acid 
(carrier free) and [3,-32p]ATP were obtained from ICN (Irvine, CA). Radioactive 
compounds were prepared for injection by evaporation to dryness under a 
stream of nitrogen and resuspension in 0.9% (wt/vol) sodium chloride. 

Thin-layer chromatography was carried out on precoated (250 um thick) 
Analtecb Silica Gel G plates (20 x 20 cm) (Fisher Scientific Co., Raleigh, NC). 
Amino acid standards were purchased from Sigma Chemical Co. (St. Louis, 
MO). All other chemicals were reagent grade or as specified in the appropriate 
reference. 

Long-Evans rats, either obtained from Charles River Breeding Laboratories 
(Wilmington, MA) or raised from these animals in our animal care facility, 
were used for all studies. Litters were reduced to 8 to l0 animals at birth and 
were weaned at 21 d of age. 

Radioisotope Labeling: Rats were lightly anesthetized with ether 
and received intracranial injections of 15 gl of one of the isotope solutions 
described below. The injection was into the right cerebrum by means of a 50- 
~l syringe (Glenco Scientific, Inc., Houston, TX) equipped with a needle guard 
to stop penetration at 3 mm brain surface depth. 

For study of the metabolism of myelin basic protein phosphate groups 
relative to the peptide backbone, the isotope solution contained both [33p]. 
orthophosphoric acid as the precursor for protein phospborylation and [2-3H]- 
glycine as the precursor for protein synthesis. (For studies longer than l d, a3p 
was used in place of 32p because of the severe radiotoxicity to the developing 
brain of 32p at the required levels of radioactivity.) In one set of short-term 
experiments, the time-staggered injection of [3~p]orthophosphoric acid and 
[32p]orthophosphoric acid was used. For study of the metabolism of basic 
protein methyl groups, the isotope solution contained [methyl-3H]methionine 
as the precursor for protein methylation (via [methyl-3H]S-adenosylmethionine) 
and for peptide backbone synthesis. 

Preparation of Myelin: Rats were killed by decapitation. The fore- 
brain was dissected and homogenized in 0.32 M sucrose. Aliquots were removed 
for determination of protein and of the distribution of radioactivity between 

the 10% (wt/vol) trichloroacetic acid-soluble and -insoluble fractions. Myelin 
was isolated from the remainder of the homogenate by sucrose density gradient 
centrifugation (8, 46), lyophilized, and stored at -70"C. 

Subfractionation of Myelin: Subfractions of myelin were prepared 
from crude myelin as described by Benjamins et aL (10). The procedure 
included centrifugation of a partially purified myelin preparation on a discon- 
tinuous sucrose gradient. Myelin membrane fractions were collected from the 
0.32 M-0.52 M sucrose interface (subfraction A), the 0.52 M-0.63 M sucrose 
interface (subfraction B), the 0.63 M-0.72 M sucrose interface (subfraction C), 
and the pellet (subfraction D). The myelin subfractions were then lyophilized 
and stored at -70"C. The characterization of these subfractions has been 
described (1, 9, 34). 

Polyacrylamide Gel Electrophoresis: Lyophilized myelin or 
myelin subfractions were delipidated with dietbyl ether/absolute ethanol (3:2) 
and dissolved in I% SDS (25). Protein concentration was determined. For 
determination of the distribution of radioactivity in myelin proteins, 800 ug of 
protein was subjected to discontinuous PAGE in buffers containing SDS (30) 
as described previously (25, 45). The procedure was modified by increasing the 
bisacrylamide concentration in the 15% acrylamide running gel solution so 
that the ratio of acrylamide/bisacrylamide was 20: I; this modification increased 
resolution in the low molecular weight region of the gel and provided better 
separation of radioactively labeled phospholipids from the basic proteins (the 
last slices of each gel containing the radioactive phospholipid were ignored for 
purposes of calculating radioactivity distribution of proteins). Cylindrical gels 
were cast in tubes with an I l-mm inner diameter to allow electrophoresis of a 
relatively large amount of protein. The gels were fixed with acetic acid/ 
methanol/water (25) and sliced into l-mm sections with an electric gel slicer 
(Hoefer Scientific Instruments, San Francisco, CA). The distribution of radio- 
activity across the gel was determined by liquid scintillation spectrometry after 
digestion of each slice with 0.6 ml Protosol and addition of l0 ml xylene 
containing 3 g of 2,5-diphenyloxazole per liter. When 3H and 33p were deter- 
mined simultaneously, spillover of 33p radioactivity into the 3H channel was 

15%; counting efficiencies were ~40% for 3H and 70% for 33p. When 33p 
and 32p were determined simultaneously, spillover of 32p radioactivity into the 
33p channel was approximately 20%; counting efficiencies were ~50% for 32p 
and 70% for 33p. All samples were corrected for spillover and radioactive decay. 
Radioactivity in each basic protein was calculated by summing the radioactiv- 
ities of all slices in each peak. 

When specific radioactivities of the myelin proteins were to be determined, 
100/ag of the protein sample used for radioactivity determination (as above) 
was subjected to electrophoresis in the gel system described above but with 
cylindrical gels with an inner diameter of 6 mm. The gels were fixed, stained 
with 1% acid Fast Green, and dye-binding distribution was determined by 
scanning at 635 nm with a spectrophotometer equipped with a linear transport 
system (Gilford Instrument Laboratories, Inc., Oberlin, OH). The scans were 
cut into individual protein peaks and each peak was weighed to quantitate the 
myelin protein distribution (44). 

Myelin Basic Protein Extraction and Hydrolysis: For analysis 
of methyl group turnover, basic proteins were extracted from myelin and 
myelin subfractions with dilute HCI as described by Golds and Braun (24). In 
brief, the lyophilized myelin was partially delipidated with acetone (-20"C). 
The basic proteins were extracted from the acetone pellet with 0.1 N HCI (0*C) 
and recovered from the acid-soluble fraction by precipitation with acetone 
(-20"C). The acid-soluble, acetone-insoluble material (containing the basic 
proteins) was resuspended in water. Aliquots were taken for determination of 
protein and for PAGE. The remainder was lyophilized, oxidized with performic 
acid to convert methionine completely to methionine sulfone, and hydrolyzed 
in 6 N HCl at 110*C for 18 h (42). Methionioe, NG-monomethylarginine, and 
NC,N'°-dimethylarginine standards were subjected to the same treatment. The 
hydrolyzates were evaporated to dryness under nitrogen and resuspended in 
0.1 N HCI. 

Separation of Amino Acids: Amino acids were separated from the 
acid hydrolyzates by thin-layer chromatography using chloroform/methanol/ 
17% ammonium hydroxide (2:2: I) as solvent, as described by Randerath (5 I). 
The regions of the plate containing methionine sulfone, N°-monomethylargi - 
nine, and N°,N'C-dimethylarginine were located by comparison with standards 
and were scraped into scintillation vials. Radioactivity was determined by liquid 
scintillation counting after the addition of 0.5 ml of water and 10 ml of a 
toluene-Triton X-100-based scintillation mixture (58). 

Other Analytical Methods: Aliquots of forebrain homogenates 
were precipitated with 10% trichloroacetic acid. Aliquots of the supernatant 
were taken for total phosphorus analysis (52) and for determination of radio- 
activity with ScintiVerse (Fisher Scientific Co., Fairlawn, N J) as the scintillation 
solvent. The acid precipitable material was washed once with 5% (wt/vol) 
trichloroacetic acid, once with absolute ethanol, and once with diethyl ether. 
The pellet was dried, dissolved in 0.3 ml Protosol, and counted in 5 ml of 
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xylene containing 3 g of 2,5-diphenyloxazole per liter. 
Protein determinations were carried out by the method of Lowry et al. (29) 

with bovine serum albumin as a standard. 

RESULTS 

Metabolism of Phosphate Groups 
DECAY OF BRAIN POOLS OF RADIOACTIVE PRE- 

CURSORS: Rats either 18 or 60 d old were injected intra- 
cranially with [33p]orthophosphoric acid and [2-3H]glycine 
and were killed at various times over a 4-wk period. Acid 
soluble and acid insoluble radioactivity were determined at 
each time point (Fig. 1). The data are shown for only one age 
group, rats that had been injected at 18 d old; the curves are 
similar for rats that had been injected at 60 d of  age. The 
amino acid label, [3H]glycine, was rapidly incorporated into 
acid insoluble material and rapidly removed from the acid 
soluble pool (Fig. 1A); by 1 d after injection, acid-insoluble 
radioactivity in brain was much greater than acid-soluble 
radioactivity (Fig. 1A, inset). [3aP]Phosphate also was rapidly 
incorporated into acid-insoluble material; however, the per- 
cent of  the total label incorporated into macromolecules was 
always much less than in the case of  the amino acid label 
(Fig. I B). Even at 4 wk after injection, radioactivity in the 
acid-soluble pool was greater than radioactivity in the insol- 
uble pool (Fig. 1 B, inset). The apparent half-life for removal 
of  radioactive phosphate from the acid-soluble pool was cal- 
culated from the slope of  a plot of  the logarithm of the soluble 
radioactivity versus time after injection and was found to be 

16 d in rats injected at 18 d of  age and 9 d in rats injected 
at 60 d of  age. In contrast to the amino acid label, the fact 
that a significant amount of  radioactive phosphate was present 
in the acid-soluble pool throughout the time-course of the 
study must be considered in any analysis of  protein phosphate 
group turnover (see below). 

APPARENT TURNOVER OF PHOSPHATE GROUPS 
AND PEPTIDE BACKBONE OF MYELIN BASIC PRO- 
T E IN S: Groups of  rats either 18 or 60 d old were injected 
intracranially with [33p]orthophosphoric acid and [2-3H]gly - 
cine. At times ranging from 1 d to 4 wk after injection, the 
animals were killed, and myelin was isolated from forebrain. 
Myelin proteins were separated by PAGE, and the distribution 
of  radioactivity was quantitated. As expected, both 3H and 
33p were incorporated into the four known molecular weight 
forms (6) of the myelin basic proteins (Fig. 2). It is well 
established that both radioactive phosphate (2) and radioac- 
tive amino acids (22, 53) that are biosynthetically incorpo- 
rated into low molecular weight proteins (<22,000) in a 

purified myelin fraction are in the basic proteins. It is of 
interest that the peak of  incorporated 33p showed a slight, but 
consistent, higher apparent molecular weight than the peak 
of incorporated 3H in each of  the four molecular weight forms. 
This is apparent only on gels with a high bisacrylamide 
concentration (see Materials and Methods); the resolution is 
lost on the 15% acrylamide, 0.4% bisacrylamide gels ordinar- 
ily used (as described in references 30 and 45). This apparent 
molecular weight shift may be a result of a slight anomaly of 
SDS binding by the phosphorylated form of the protein. One 
side effect of using the high bisacrylamide gels is that the 
resolution of  the 21,500-mol wt protein from another (proteo- 
lipid protein related) peptide that migrates slightly ahead of  
proteolipid protein (1, 44) is lost. The overlap of  this non- 
phosphorylated peptide with the 21,500-mol vet basic protein 

FIGURE 2 Electrophoretic separation of CNS myelin proteins. Rats 
were injected intracranially with both 200 #Ci [2-3H]glycine and 
400 #Ci [33P]orthophosphoric acid, and forebrain myelin was iso- 
lated. Myelin proteins were separated by PAGE. A photograph of a 
Fast Green-stained gel is shown above a plot of the distribution of 
3H and 3~p radioactivity along the matched gel (see Materials and 
Methods). The last slices of the gel containing 32P-labeled phospho- 
lipid were deleted from the plot, so the label on the ordinate refers 
only to protein bound radioactivity. These particular gels were from 
a 30-d-old rat killed 1 h after injection. The gel used to determine 
the distribution of radioactivity contained 37,142 3H cpm and 
12,016 33p cpm. Major myelin proteins and their apparent molecular 
weights are indicated: proteolipid protein (PLP), 21,500-mol wt 
basic protein (21 .SK BP), large basic protein (18.5K BP), 17,000-mol 
wt basic protein (17K BP), and small basic protein (14K BP). 
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FIGURE 1 Distribution of radioactivity between 
acid-soluble and acid-insoluble material in forebrain 
at various times after the intracranial injection into 
18-d-old rats of (A) 100 #Ci [2-3H]glycine and (B) 
225 #Ci [33p]orthophosphoric acid. The change in 
ratio of soluble to insoluble radioactivity with time 
is shown in the insets. The points represent the mean 
+ SD of three determinations. 
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probably accounts for the slightly lower 33p/3H ratio in this 
peak relative to that in the other proteins. The total radioac- 
tivity in the two major molecular weight forms of the basic 
proteins, 18,500 (large) and 14,000 (small), was determined 
at each time point. Since the 18,500- and 17,000-mol wt 
forms were not consistently well resolved, the two forms were 
considered together (see Discussion). 

Apparent half-lives for turnover were calculated from the 
slope of a semi-log plot of total radioactivity versus time after 
injection (Fig. 3). In both 18- and 60-d old rats, [3H]glycine 
in the peptide backbone of both basic proteins remained stable 
during the study, with apparent half-lives much greater than 
the 4-wk course of the experiment. [33p]Phosphate groups on 
basic proteins in animals receiving injections when they were 
young (18 d) also appeared to be very stable, with half-lives 
greater than 4 wk. In contrast, [33p]phosphate groups on the 
basic proteins in animals injected when they were adults (60 
d) appeared to turn over with a half-life on the order of 10-12 
d. As discussed below, the calculated apparent turnover rates 
of basic protein phosphate groups may not accurately repre- 
sent actual turnover rates. 

CORRECTED TURNOVER OF PHOSPHATE GROUPS OF 
MYELIN BASIC PROTEINS: The interpretation of the turn- 
over rate of basic protein phosphates must take into account 
the fact that radioactive phosphate was present in acid-soluble 
form throughout the study. It has long been known that much 
of the acid soluble phosphate pool of brain is in ATP and that 
intracranially injected [32p]phosphate equilibrates rapidly 
with the 7-phosphate of ATP (28). In younger, rapidly mye- 
linating animals, continued incorporation of label from this 
precursor pool due to continuing myelin synthesis would be 
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FIGURE 3 Decay of 3H and 3~p radioactivity in (A) large and (B) 
small basic proteins with time after the intracranial injection of 
either 100/zCi [2-3H]glycine and 225/LCi [33P]orthophosphoric acid 
into 18-d-old rats (i) or 200 ,Ci [2-3H]glycine and 400 #Ci [33p]_ 
orthophosphoric into 60-d-old rats (ii). Myelin proteins (800 /zg) 
were separated by PAGE; radioactivity was determined for each 
band on the gel, and the results were used to calculate the total 
radioactivity for each basic protein in total isolated myelin. Each 
point represents a single determination. The lines were fit by linear 
regression. 

an especially serious problem and might account for the 
apparent stability of basic protein phosphates in young ani- 
mals. As shown in Fig. 4A, rats continue to synthesize a 
considerable amount of myelin for several weeks after injec- 
tion at 18 d old. A correction was made for the contribution 
of label due to myelin basic protein synthesized during the 
experiment. All calculations were relative to the 1 d after 
injection time point and were based on the amount of myelin 
basic protein synthesized during the interval between time 
points (data from Fig. 4) and the specific radioactivity of the 
soluble pool of 33p (data from Fig. 1). When the data for the 
apparent turnover of 33p in basic proteins in young animals 
were corrected for the estimates of continued labeling due to 
synthesis, the apparent half-life of 33p in basic proteins was 
on the order of 2 wk (Fig. 5). Note that this is close to the 
turnover of soluble 33p (half-life of 16 d). A similar correction 
for myelin synthesis in adult animals was calculated and, as 
expected, was found to be negligible, since myelin is accu- 
mulating at only a very slow rate (Fig. 4A). Without the 
correction, the turnover of basic protein phosphates in adult 
animals was on the same order as that of the soluble pool of 
radioactive phosphate (half-life of 9-12 d). 

A potentially even more serious complication due to the 
long-lasting presence of a significant precursor pool of radio- 
active phosphate is that the basic proteins may continue to 
be labeled through turnover of the phosphate groups. If the 
basic protein phosphate groups turned over with an actual 
half-life of much less than 2 wk, the apparent half-life would 
be detected as the same as the half-life of disappearance of 
radioactivity from the soluble pool of 33p. In fact, the data 
indicate that this is the case; after correction for any accu- 
mulation of myelin, the basic protein phosphate groups in 
both rapidly and slowly myelinating rats had an apparent 
turnover rate on the same order as that of the radioactive 
precursor pool. This may differ from the real turnover rate 
by orders of magnitude. Thus, a different experimental ap- 
proach, analysis of the incorporation of radioactive phospho- 
rus into myelin, was used. 

INCORPORATION OF [33p]PHOSPHATE INTO MYELIN 

BASIC PROTEINS DURING DEVELOPMENT: The  incor-  
po ra t ion  of [33p]phosphate and [3H]giycine into basic proteins 
by 1 h after injection was studied in rats 18, 30, and 60 d old. 
Incorporation of [3H]glycine was assumed to reflect the de- 
velopmental pattern of the rate of myelin basic protein accu- 
mulation because the label is relatively stable once in the 
peptide backbone (Fig. 3). As expected, either absolute incor- 
poration (not shown) or incorporation per milligram of mye- 
lin protein (Fig. 6) was highest at 18 d, lower at 30 d, and 
lower still at 60 d old. In marked contrast, 33p incorporation 
was not proportional to the rate of myelin synthesis but was 
proportional to the amount of myelin present in forebrain. 
This is clear because the [33p]phosphate in basic proteins per 
milligram of myelin protein is the same at the three ages (Fig. 
6). These results indicate that injected [33p]phosphate rapidly 
exchanges with phosphate groups on basic proteins in pre- 
existing, presumably mature, myelin. 

At all ages, by 1 h after injection of 400 ~,Ci of [32p]_ 
phosphate, the basic protein phosphates had reached nearly 
maximum radioactivity, 4,768 __ 1,000 cpm/mg of myelin 
protein (n = 9) as compared with 4,973 _+ 403 cpm/mg myelin 
protein (n = 5) at 1 d after injection. Assuming that the 
precursor ATP was largely in equilibrium with the forebrain 
acid-soluble phosphate pool (determined to be ~ 1.31 x 10 6 
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(A) The accumulation of myelin protein isolated from 
forebrain as a function of age. Each point represents the mean ___ 
SD of three determinations. (B) The change in ratio of the small 
basic protein (SBP) to the large basic protein (LBP) with age. The 
percent of each protein relative to total myelin protein was deter- 
mined after electrophoresis of 100 #g of myelin protein, Fast Green 
staining, and densitometry. The percent concentration of LBP rela- 
tive to total myelin protein did not change significantly with age 
(not shown); therefore, the change in the SBP/LBP ratio with age 
represents primarily relative accumulation of SBP. Each point rep- 
resents a single determination. The 4 wk after injection at 18 and 
60 d of age are indicated by a and b, respectively. 

cpmhzmol of phosphate at each age), we calculated that the 
rapid incorporation of radioactive phosphate into basic pro- 
teins corresponded to ~0.25 mol of phosphate per mole of 
basic protein. This value is in agreement with previous reports 
of the level of endogenous phosphorylation of the basic pro- 
tein from several species (19, 40). 

A more sensitive way of measuring the rate at which myelin 
basic protein is phosphorylated to its maximum specific activ- 
ity is the double-label technique, which allows comparison of 
specific activities directly by measurement of isotope ratios. 
Animals 60 d old received intracranial injections of 300 ~Ci 
of [33p]phosphate and were killed 1 wk later. At 5, 30, or 60 
min or 24 h before death, the animals were injected with 300 
#Ci of [32p]phosphate. The 32p/33p ratio was obtained for 
myelin basic proteins by isolation of myelin and, following 
PAGE, quantitation of radioactivity in basic protein-contain- 
ing gel slices. The 32p/33p ratio so obtained was divided by the 
32p/33p ratio of the acid-soluble supernatant. We expected that 
if the basic protein phosphate turnover were as rapid as 
indicated by the previous experiments and if equilibration 
were occurring with a radioactive precursor pool, the l-wk 
period would allow complete equilibration of 33p with myelin 
basic protein. After the injection of the second radiolabel, 
[32p]phosphate, the isotope ratio for basic protein would 
approach that of the acid-soluble pool, with a time-course 
proportional to the rate of equilibration of basic protein 
phosphate groups with the whole-brain acid-soluble pool of 
phosphate. The values for the 32p/33p ratio in basic proteins 
relative to that in the acid-soluble supernatant were 0.54 at 5 
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min, 0.73 at 30 min, 0.95 at 60 min, and 1.01 at 24 h (average 
of results from two animals at each time, except that results 
from only one animal were available for the 60-min time 
point). This indicates that approximately half of the myelin 
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FIGURE 5 The corrected decay of radioactivity in the (A) large and 
(B) small basic proteins with time after the intracranial injection of 
225 /~Ci [33P]orthophosphoric acid into 18-d-old rats. The data 
presented in Fig. 3 have been corrected by a factor estimating the 
amount of radioactivity contributed by continuing myelin basic 
protein accumulation in the presence of a radioactive precursor 
pool. The following formula was used: corrected relative specific 
radioactivity equals z/[x0y0 + ~N=I (x°y.)], where z = radioactivity 
in basic protein per total myelin isolated from forebrain, x0 equals 
initial myelin protein yield (1 d after injection), y0 equals 1 = initial 
fraction of radioactivity remaining in acid soluble pool, and Xn equals 
amount of myelin accumulated since the previous time point. 
(Although the accumulation of LBP is proportional to the accumu- 
lation of total myelin protein, the accumulation of SBP is not [see 
Fig. 4B]. Therefore, x must be multiplied by the ratio of SBP/LBP 
when SBP accumulation is being determined.) yo equals average 
fraction of initial acid soluble pool remaining between time point, 
and time point._1. N equals time point being considered (1st, 2nd, 
3rd ...). Each point represents a single determination. The lines 
were fit by linear regression. 
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basic protein phosphate was available for exchange with the 
total acid-soluble pool of phosphate within 5 min, with com- 
plete equilibration occurring between 60 min and 1 d. 

INCORPORATION OF [33p]PHOSPHATE INTO BASIC 

PROTEINS OF MYELIN SUBFRACTIONS: As noted above 
and in reference 40, only a portion of the basic protein is 
phosphorylated, suggesting that the observed rapid incorpo- 
ration of radioactive phosphate into basic proteins corre- 
sponded to preferential incorporation into less compacted 
regions of myelin, such as the lateral loop region or myelin 
recently deposited. There is evidence that myelin can be 
subfractionated by virtue of its heterogeneity in buoyant 
densities into fractions representing differing degrees of com- 
paction and, possibly, different developmental stages in mye- 
lin synthesis (7, 9, 50). We designed an experiment to test 
whether myelin subfractions presumably enriched in uncom- 
pacted and/or immature myelin (denser subfractions, subfrac- 
tions C and D) had higher specific radioactivity than myelin 
subfractions enriched in more compacted, mature myelin 
(more buoyant subfractions, subfractions A and B) at very 
short times after the intracranial injection of radioactive phos- 
phate. A double-isotope (32p and 33p) design was used because 
it allowed for the examination of two time points in the same 
animal. 

Rat brains were labeled in vivo for 45 min with [33p]_ 
orthophosphoric acid and for 5 or 15 min with [nP]ortho- 
phosphoric acid. Subfractions of myelin were isolated, and 
radioactivity in the myelin basic proteins was determined 
after gel electrophoresis. By 5 min after injection, the specific 
radioactivity of phosphate in both large and small basic 
proteins was similar in all fractions (Fig. 7), indicating rapid 
and, within the 5-min time scale of the study, simultaneous 
incorporation of radioactive phosphate into the basic proteins 
isolated in all subfractions of myelin. The ratio of 32p/33p in 
basic proteins was the same in each subfraction (Fig. 8), 
confirming that the phosphorylation of basic proteins isolated 
in subfractions representing both compacted and uncom- 
pacted myelin was occurring at similar rates. 

Because equal amounts of 32p and 33p radioactivity were 
injected, the isotope ratio (following correction for differences 
in counting efficiency) should be an accurate indication of 
the relative incorporation of the two isotopes. As shown in 
Fig. 8, the incorporation of radioactive phosphate by 5 min 
after injection had already reached 60-70% of the incorpo- 
ration at 45 min; by 15 min after injection, the incorporation 
had reached 90% of the incorporation at 45 min. This indi- 
cates very rapid incorporation of radioactive phosphate into 
basic proteins (half-life < 5 min). 

CONTROLS FOR ARTIFACTS DURING THE PREPARA- 
TIVE PROCEDURES: TO determine whether any incorpo- 
ration of radioactive phosphate into basic proteins was occur- 
ring during the isolation procedure, an unlabeled rat forebrain 
was homogenized in sucrose containing 35 pCi [7-32p]ATP. 
Myelin was isolated, and the amount of radioactivity in the 
basic proteins was determined. We found that the incorpora- 
tion of radioactive phosphate into the basic proteins during 
the isolation was <3% of the in vivo labeling and concluded 
that it was insignificant. 

To control for preferential dephosphorylation (loss of basic 
protein phosphate greater than could be accounted for by 
losses in recovery of total basic protein), a rat was injected 
intracranially with [3H]glycine and [33p]phosphate. The rat 
was killed 1 d later, and myelin was isolated. A portion of the 
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FIGURE 7 Specific radioactivity of the large and small basic pro- 
teins in subfractions of myelin 5 min after injection of 200 pCi 
[nP]orthophosphoric acid. The radioactivity in each protein was 
determined after the electrophoretic separation of myelin subfrac- 
tion protein. The basic protein concentration in each subfraction 
was determined after electrophoresis of myelin proteins, Fast Green 
staining, and densitometry with correction for differential dye- 
binding capacity (see Materials and Methods). Bar, mean __+ SD of 
three determinations. 
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FIGURE 8 Isotope ratio in basic protein of myelin subfractions 
either 5 (A) or 15 min (B) after the intracranial injection of 200 pCi 
[nP]orthophosphoric acid and 45 min after the intracranial injection 
of 200 pCi [33p]orthophosphoric acid. For each experiment, four 
18-d old rats were injected intracranially with 200 #Ci [33P]ortho- 
phosphoric acid, then either 40 (A) or 30 min (B) later with 200 #Ci 
[nP]orthophosphoric acid. After 5, (A) or 15 min (B), the rats were 
killed and the brains were pooled. Myelin subfractions were isolated 
as described in Materials and Methods. Radioactivity in the large (i) 
and small (ii) basic proteins was determined after the electropho- 
retic separation of the proteins from each subfraction. Differences 
in counting efficiency between np and 33p were accounted for by 
calculating the data on the basis of dpm. The points in panels i and 
ii represent the mean + SD of three such experiments. The points 
in panels Bi and Bii represent single determinations; the lines 
connect the means. Pair differences between fractions were cal- 
culated for each experiment by Student's I test; no significant 
differences were found. 

myelin was lyophilized, and myelin proteins were separated 
by electrophoresis. The isotope ratio in the basic proteins was 
determined. The remainder of the myelin was resuspended in 
0.32 M sucrose and homogenized with an unlabeled rat 
forebrain. Myelin was isolated from this homogenate, and 
myelin proteins were again separated by electrophoresis. The 
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isotope ratio in the basic proteins from this reisolated myelin 
was determined and found not to differ significantly from the 
isotope ratio in the basic proteins from the first isolation, 
indicating that basic proteins were not dephosphorylated dur- 
ing the isolation procedure. 

Metabolism of Methyl Groups 
D E C A Y  O F  B R A I N  P O O L S  O F  T H E  R A D I O A C T I V E  

P R E C U a S O R : R a t s  w e r e  injected intracranially with 
[methyl-3H]methionine and were killed at various times over 
a 12-wk period. Acid-soluble and acid-precipitable radioactiv- 
ity in the forebrain homogenate were determined at each time 
point. Radioactivity was rapidly incorporated into acid-insol- 
uble material and was even more rapidly removed from the 
acid-soluble pool than was [3H]glycine (data not shown). By 
1 d after injection, >95% of the radioactivity in brain was 
found in macromolecular material. 

T U R N O V E R  O F  M E T H Y L  G R O U P S  O N  M Y E L I N  B A S I C  

PROTEINS: Groups of rapidly myelinating (22 d of age) 
and slowly myelinating (60 d old) rats were injected intracra- 
nially with [methyl-3H]methionine. The animals were killed 
and forebrain myelin was isolated at times ranging from 1 d 
to 12 wk after injection. Basic proteins were purified by acid 
extraction; gel electrophoresis of this material indicated that 
>95% of the radioactivity coelectrophoresed with the basic 
protein bands. The basic protein extract was hydrolyzed and 
then oxidized, and the amino acids were separated by thin- 
layer chromatography. Methionine sulfone (the oxidized form 
of methionine), NG-monomethylarginine, and NG,N'G-di - 
methylarginine were resolved from each other with relative 
migrations of 0.51, 0.17, and 0.25, respectively. The rate of 
decay of radioactivity in methionine was determined as a 
measure of basic protein peptide backbone turnover. The rate 
of decay of radioactivity in the methylarginines was deter- 
mined as a measure of basic protein methyl group turnover. 
When rats were given injections at 22 d old, the apparent 
half-lives for 3H in both basic protein methionine and meth- 
ylarginines were found to be much longer than the 12-wk 
study period (Fig. 9A). When rats received injections at 60 d 
of age, the apparent half-life for 3H in methionine was found 
to be 11 wk, whereas that for 3H in methylarginines appeared 
to be longer than the 12-wk study period (Fig. 9B). These 
results indicate that myelin basic protein methyl groups in 
both young and adult rats are as stable as the peptide backbone 
to which they are bound. In fact, in adult rats the label in 
methyl groups has an apparent half-life greater than the label 
in backbone methionine (see Discussion). 

I N C O R P O R A T I O N  O F  [ 3 H ] M E T H Y L  G R O U P S  I N T O  

M Y E L I N  B A S I C  P R O T E I N S  D U R I N G  D E V E L O P M E N T :  

Because the results indicate that, unlike phosphate groups, 
the methyl groups of myelin basic protein are as stable as the 
peptide backbone, we expected that the rate of incorporation 
of methyl groups into arginines of myelin basic protein would 
be proportional to the rate of myelin synthesis. To test this 
we designed an experiment with internal controls by taking 
advantage of the fact that [methyl-3H]methionine is incorpo- 
rated into both the backbone (where it serves as a measure of 
the rate of myelin protein synthesis) and into the methyl 
groups of methylarginine. Rats 22, 30, and 60 d old were 
injected with [methyl-aH]methionine. 20 h later, the rats were 
killed, and myelin was isolated. Basic proteins were extracted 
and hydrolyzed. Radioactivity in methionine and methylar- 
ginines was determined. It was expected that if methylation 
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FIGURE 9 Decay of radioactivity in methionine and methylargi- 
nines of basic proteins with time after the intracranial injection of 
(A) 500 #Ci [methyIJH]methionine into 22-d-old rats or (B) 700 #Ci 
[methyI-3H]methionine into 60-d-old rats. Basic proteins were iso- 
lated by acid extraction from forebrain myelin and were hydrolyzed 
to constituent amino acids. Radioactivity in methionine and mono- 
and dimethylarginine was determined and used to calculate the 
total radioactivity in each amino acid in total basic protein isolated. 
Each point represents a single determination, lhe lines were fit by 
linear regression. 

paralleled the rate of accumulation of myelin, the incorpora- 
tion of 3H into methionine of the peptide backbone relative 
to incorporation into methylarginine would be similar at 
different ages, even though the rate of myelin accumulation 
was changing. This was indeed the case (Fig. 10). The coun- 
terhypothesis, that methylation is proportional to the amount 
of myelin present in forebrain, is clearly not correct, because 
if it were the incorporation of 3H into methylarginine relative 
to incorporation of 3H into methionine should increase more 
than 20-fold during development (as it does in the case of 
phosphate incorporation; see Fig. 10). A minor flaw in the 
experimental design is the possibility that the pools of meta- 
bolic intermediates between [methyl-3H]methionine and the 
methylarginines (for example, S-adenosylmethionine) vary 
during development in such a way as to convert data from an 
unexpected mechanism to give the anticipated results; but 
this seems unlikely. 

DISCUSSION 

Peptide Backbone of Myelin Basic Protein Is 
Metabolically Very Stable 

We have shown that the basic protein peptide backbone, 
labeled by [3H]glycine or [3H]methionine, is metabolically 
very stable, confirming several previous reports (17, 22, 53). 
The basic proteins appeared to be slightly more stable in rats 
injected at 18-22 d of age than in rats injected at 60 d old. 



i 0.16 
0.4 A 

i 0.12 

0.08 

~. 006! 
004 

z 0.02 

0 

-•15! 

i[ o ~  22 081 30 60 
AGE (doys) 

FIGURE 10 A comparison of developmental changes in the incor- 
poration of radioactive methyl and phosphate groups into basic 
proteins in myelin relative to the incorporation of radioactive amino 
acids. 22-, 30-, and 60-d old rats were injected intracranially with 
700 pCi [methyl-3H]methionine. Myelin was isolated 20 h later, and 
basic proteins were extracted. The ratio of radioactivity in meth- 
ylarginines to the radioactivity in methionine of basic proteins was 
determined. For comparison, data for phosphate groups (see Fig. 
6) are presented as the ratio of 33p/3H radioactivity incorporated 
into basic proteins (LBP + SBP) at 18, 30, and 60 d of age. Bar, 
mean + SD of three determinations. 

Myelin Basic Protein Methyl Groups Are 
Metabolically Very Stable 

The methyl groups of basic protein were found to be as 
stable as the peptide backbone to which they are bound. In 
adults, the apparent half-life of label in methyl groups is 
greater than that of the label in the peptide backbone (Fig. 9). 
It seems unlikely that this is a result of continued reutilization 
of labeled methyl groups, inasmuch as myelin is synthesized 
at only a very slow rate during this time period (Fig. 4). One 
possible explanation for this is that the fraction of the basic 
protein that is methylated (as reflected by labeled methylar- 
ginine) may be slightly more stable than the bulk of the basic 
protein (as reflected by labeled methionine). Aspillaga and 
McDermott (4) showed that the methylarginines of basic 
protein accumulate in myelin to a greater extent than basic 
proteins, providing indirect evidence that methylated basic 
proteins are more stable than nonmethylated basic proteins. 

Myelin Basic Protein Phosphate Groups Turn 
Over Very Rapidly 

Radioactive phosphate was incorporated into myelin pro- 
teins with approximate molecular weights of 21,500, 18,500, 
17,000, and 14,000. Agrawal et al. (2) showed that radioactive 
phosphate in that molecular weight range, as determined by 
PAGE in the presence of SDS, was covalently bound to serine 
and threonine residues of the four molecular weight forms of 
basic protein. To simplify study of the metabolism of these 
phosphate groups, quantitative data were collected for only 
the two major forms of basic protein, the 18,500- (large) and 
14,000-mol wt (small) basic proteins. It is the large basic 
protein that is almost identical in sequence to human myelin 
basic protein. The small basic protein differs from the large 
basic protein by a deletion of 40 amino acids in the interior 
of the sequence. As noted in Results, the large basic protein 
(18,500 mol wt) was consistently contaminated with one of 
the minor forms of basic protein (see Fig. 2), the 17,000-mol 
wt protein. The 17,000-mol wt protein appeared to be labeled 
to the same specific radioactivity as the other myelin proteins 
(our data, not shown; see also reference 2). Since we do not 
attempt to make an argument for any differences in metabo- 

lism of the phosphate groups among the basic proteins, con- 
tamination of the 18,500-mol wt protein by the minor 17,000- 
mol wt protein was not considered a problem. 

We have shown that a precursor pool of radioactive phos- 
phate, with which basic protein phosphates could exchange, 
persists long after intracranial injection. The continued pres- 
ence of this pool renders previously published turnover studies 
in brain (2, 33, 40) difficult to interpret. Although the results 
of the turnover studies indicate that the half-life of basic 
protein phosphate groups in both rapidly and slowly myeli- 
nating rats is on the order of 2 wk, as is the half-life of the 
brain pool of acid-soluble radioactive phosphate, we conclude 
that turnover could be much faster and would not be detected 
because of exchange with the radioactive precursor pool. 

Studies of the rate of incorporation of radioactively labeled 
phosphate groups into the basic proteins were undertaken to 
test whether the turnover rate was more rapid than detected 
by monitoring the rate of removal of the radiolabel. We found 
that the incorporation of radioactive phosphate into basic 
proteins had peaked before 1 h from the time of injection. 
The incorporation was independent of the rate of myelin basic 
protein synthesis but was proportional to the amount of 
myelin protein, and presumably to the amount of basic pro- 
tein, present in brain (Fig. 6). These results suggest that 
phosphate groups on preexisting basic proteins in mature 
myelin, possibly in cytoplasmic incisures, were involved in 
the exchange. Studies of the incorporation of radioactive 
phosphate into basic proteins isolated in different subfractions 
of myelin provided further evidence that the turnover of 
phosphate groups on basic proteins in mature, multilamellar 
myelin and uncompacted myelin is very rapid (half-life <5 
rain). 

The actual turnover time may be even more rapid than 5 
min, but detection would be limited by the rate at which 
intracranially injected (extracellular) radioactive orthophos- 
phoric acid equilibrates with the labile phosphates of intracel- 
lular ATP. Lindberg and Ernster (28) showed that intracra- 
nially injected [riP]phosphate exchanges rapidly with the la- 
bile phosphates of ATP (half-life <5 min), with the two pools 
reaching virtual equilibrium by 45 min after injection (kinet- 
ics similar to those for basic protein phosphorylation). How- 
ever, the phosphates in the 7 position of ATP (a very large 
pool, since in brain there is almost twice as much phosphate 
in ATP as there is in free orthophosphate; reference 35) are 
very metabolically active, with half of these phosphates turn- 
ing over in about 3 s (23, 27). 

In conclusion, radioactively labeled phosphate groups on 
myelin basic proteins turn over very rapidly in both rapidly 
and slowly myelinating rats and in both immature and mature 
myelin sheaths. This suggests a tight coupling in the myelin 
membrane of the kinase, phosphatase, and phosphorylated 
basic protein, as well as ready accessibility to cytoplasmic 
substrates. Incorporation of radioactive phosphate was pro- 
portional to the amount of basic protein present and was 
calculated to be ~0.25 mol of phosphate per mol of basic 
protein. If that represents all of the basic protein phosphate, 
as it does for several species, it appears that all of the phosphate 
groups may be involved in rapid exchange. Although the 
function of the phosphorylation of the basic proteins is not 
known, it seems unlikely that it is involved directly in myelin 
synthesis and assembly, because the metabolism of the phos- 
phate groups is as rapid in slowly myelinating animals as it is 
in rapidly myelinating animals. It also seems unlikely that it 
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is involved in maintaining any structurally stable contacts in 
compact myelin. In fact, it is possible that phosphorylation 
and dephosphorylation of myelin basic protein may be in- 
volved in keeping cytoplasmic incisures open in the otherwise 
compact structure of myelin. The only published reports on 
an analogous extremely rapid metabolism of a myelin com- 
ponent are those describing the exchange of the monoesteri- 
fled polyphosphoinositide phosphates (20, 21). 
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