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PREFACE

This book is the proceedings of two symposia, on Proteins of
the Nervous System and Myelin Proteins, held as part of the Third
Meeting of the International Society of Neurochemistry in Budapest,
July 1971. If confirmation of the utility for such a book was needed,
it was obtained with the independent publication of a review on
Proteins of the Nervous System (1) covering essentially the same
ground. This review is an excellent collection of the earlier litera-
ture. The present volume summarizes the more recent advances in this
field, and in addition covers those areas, glycoproteins and peptide
hydrolases, which were not dealt with by Shooter and Einstein (1).

We are most grateful to Miss V. Troeger for typing the manu -
scripts and to Mr. A. Landmann for assistance with photography.

A.N. DAVISON
I.G. MORGAN
P. MANDEL

(1) SHOOTER, E.M. and EINSTEIN, E.R., Ann. Rev. Biochem., 40
(1971) 635.
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SECTION 1

NEUROSPECIFIC PROTEINS OF UNKNOWN FUNCTION




INTRODUCTORY REMARKS

P. MANDEL

Centre de Neurochimie du CNRS, 67-Strasbourg (France)

Nervous tissue proteins can be classified into five groups :

1) Proteins which have similar structures in most mammalian
tissues, as is the case for most of the enzymes of basic metabolic
pathways.

2) Enzymes which exist in other tissues, but which are present
in different forms in the nervous system. One example of this is
tyrosine a-ketoglutarate amino transferase (1, 2). This enzyme,which
plays a fundamental role in tyrosine degradation probably has an
important regulatory role in the nervous system since it is one of
the enzymes, the other being tyrosine hydroxylase, which determines
whether tyrosine is degraded or used for catecholamine biosynthesis.

Brain tyrosine transaminase is primarily localized on the mito-
chondrial membrane, particularly in nerve-ending mitochondria. By
contrast liver tyrosine transaminase is soluble. This attachment to
the membrane may be related to the high amount of proline in the
brain enzyme compared to that in liver. In addition, in brain, where
the uptake of pyridoxal phosphate is not as easy as in liver, the
coenzyme is strongly bound to the enzyme whereas in liver it is
loosely bound. The liver enzyme has a a4 structure, the brain enzyme
a2B82. Both enzymes are competitively inhibited by noradrenaline.

The properties of the two enzymes are compared in the table.

3) Enzymes involved in the biosynthesis of compounds existing
only in a limited number of tissues or specific to the central ner-—
vous system,like galactolipids.



4 P. MANDEL

Comparison of Liver TAT and Brain TAT

Liver TAT Brain TAT
Localization Cytosol Mitochondria
M.W. 115,000 100,000
Subunits 4 (type ay4) 4 (type azsz)
Pyridoxal-5'-phosphate (PLP) 4 mole 2 mole
PLP binding Weak Strong
Amino acids
- Proline 6 79
- Basic 117 136
- Acid 210 169

4) Proteins which belong to structures specific to the nervous
system such as the proteins of the myelin sheath and synaptic
membranes, etc.

5) Neuronal or glial specific proteins or enzymes of unknown
function like the proteins 14.3.2 and S-100, and the enzyme 2',3'-
cyclic AMP-3'-phosphohydrolase.

Concerning the S-100 protein, with the present data it seems
possible to make some speculation. This highly acidic protein be-
comes hydrophobic in the presence of Ca**. Thus it seems likely that
during the post—depolarization flux of cations into the synaptic
cleft and then into the glial cells, the S-100 could fix cations to
its negative changes. In the presence of Ca**, these cations could
be sequestered inside a predominately hydrophobic structure, avoi-
ding changes in osmotic pressure with the glial cells. Removal of
Ca** could provoke release of these sequestered cations when the
protein reverts to a hydrophilic form.

In this symposium we will deal successively with proteins of
functional significance in the central nervous system regardless
of their localization and then with proteins specific to the ner-
vous system. Finally we will discuss brain, and more specifically
synaptic glycoproteins in view of the increasing evidence of the
important functions of these molecules.

REFERENCES

1 AUNIS, D., MARK, J. and MANDEL, P., Life Sci., 10 (1971) 617.

2 MARK, J., PUGGE, H. and MANDEL, P., J. Neurochem., 17 (1970) 1393,



CHEMISTRY AND BIOLOGY OF TWO BRAIN-SPECIFIC PROTEINS, S-100 AND

14-3-2

B.W. MOORE

Department of Psychiatry, Barnes and Renard Hospitals
St. Louis, Missouri 63110 (USA)

During development the cells of the nervous system differen-
tiate greatly, leading to the presence in mature brain of many high-
ly specific forms and functions such as the occurrence of the two
basic cell types, neurons and glia ; cell processes of neurons and
glia ; microtubular systems ; the apparatus at nerve endings inclu-
ding metabolic systems for transmitter synthesis and degradationm,
vesicles, and specialized membranes ; propagation of action poten-
tials ; axoplasmic flow ; synaptic transmission ; and the establish-
ment of specific connections. The way in which genetic information
is expressed during differentiation is mediated through synthesis of
specific protein molecules ; therefore there should be proteins
which are specific to the nervous system related to specific neural
forms and functions. Furthermore, if these forms and functions are
truly general, such proteins should be present in nervous systems
of all species. Our work has focussed on looking for nervous system-—
specific, species non-specific proteins.

The general scheme we have used to search for such proteins in
brain is as follows

(1) "Protein maps' are prepared for brain, liver, and other
organs by DEAE-cellulose chromatography followed by acrylamide gel
electrophoresis. Proteins are chosen which are presumptively ner-—
vous system specific and these proteins are purified.

(2) Antiserum is prepared to the pure protein and used in an
immunoassay (complement fixation) for the protein.

(3) The protein is tested for specificity to the nervous system
and species non-specificity using the highly specific and sensitive
immunoassay.

(4) The protein is localized in cell type, and followed during
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TABLE I

Proteins Isolated from Beef Brain

Molecular weights

Centrifugation SDS gel electrophoresis
S-100 21,000 6,300
14-3-2 43,000 54,000
14-3-3 60,000 32,000
15-4-2 38,000 20,000
AG-1 43,500 50,000
TC-1 23,000 25,000
A-P-1 42,000 21,000

development and function using the immunoassay to measure the pro-
tein quantitatively.

Seven presumptively nervous system-specific proteins have been
purified from beef brain and, of these, two (S-100 and 14-3-2) have
been shown to be specific to the nervous system and species non-
specific (9,10,11). The estimated molecular weights of the native
proteins and of any subunits are shown in Table I. All are fairly
small and acidic proteins.

Cellular Localization of S-100 and 14-3-2

The S-100 protein has been shown to be solely in glia (or
Schwann cells) and 14-3-2 primarily in neurons by immunofluorescen-
ce, by behaviour during Wallerian degeneration of optic nerve (13)
or retrograde degeneration of dorsal thalamus (6),by measurements
on glioma and neuroblastoma tissue cultures (l, 4), and by measure-
ments in single dissected cells (12).

During development of the chick optic tectum (5) S-100 and
14-3-2 levels rise rapidly in parallel, during the period immedia-
tely before and after hatching, only several days after cell divi-
sion has ceased and the tectum looks histologically mature. In chick
spinal cord, the largest rise in S-100 and 14-3-2 occurs at the
time when electrical activity and limb movements begin (3). In hu-
man brain, the development of S-100 in histologically late-develo-
ping areas (frontal cortex) lags behind its development in earlier
areas such as pons and cerebellum (15). In the C-6 glioma cell
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cultures, S-100 is synthesized in large amounts only when the cul-
ture becomes confluent and stops growing (l). These facts indicate
that S-100 and 14-3-2 probably are connected with highly differen-
tiated functions of nervous system cells, either glia or neurons.

A clue to the functions of S-100 may be indicated by some of
its known chemical properties, particularly its reaction with catt.
Binding of Ca** leads to the appearance of multiple forms of S-100
on acrylamide gel electrophoresis (2,7,8,14). Binding Ca** also
causes a conformational change resulting in exposure of one trypto-
phan, one tyrosine, several phenylalanine, and two cysteine resi-
dues (2). This change is antagonized by monovalent cations, the
order of effectiveness being K*> Na*> Li*.

REFERENCES

1 BENDA, P., LIGHTBODY, J., SATO, G., LEVINE, L. and SWEET, W.,
Science, 161 (1968) 370.

2 CALISSANO, P., MOORE, B.W. and FRIESEN, A., Biochemistry, 8

(1969) 4318.
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5 CICERO, T.J., COWAN, W.M. and MOORE, B.W., Brain Res., 24
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THE HETEROGENEITY OF THE S-100 PROTEIN FRACTION

G. VINCENDON, J.P. ZANETTA and G. GOMBOS

Centre de Neurochimie du CNRS and Institut de Chimie
Biologique, Faculté de Médecine de Strasbourg,
Université Louis-Pasteur, 67-Strasbourg (France)

It is commonly accepted that the neurospecific protein S-100
is a single molecular species, on the basis of immunological data,
and on the basis of its behaviour in several chromatographic and
electrophoretic systems (10) and during analytical ultracentrifuga-
tion (15). In fact, the S—-100 protein fraction of several animal
species migrated as a single band when brain extracts (or the puri-
fied protein) were electrophoresed, in the presence of 0.1 mM EDTA,
in the Tris-glycine system of Calissano, Moore and Friesen (1). In
addition, "S-100 proteins" from the brains of different mammal spe-
cies, although having somewhat different amino acid compositions
(10, 14), appeared to be unusually similar when cross reacting with
antiserum to bovine S$-100 (10, 13). The precipitin bands neither
intersected nor showed "spurs" on a double diffusion test, with the
specific antiserum of Levine and Moore (9).

In 1966 (6) we reported on the electrophoretic heterogeneity
of bovine S$-100, prepared by us or supplied by Dr. Moore. The elec-
trophoretic heterogeneity depended on the reticulation of the poly-
acrylamide gel, the buffer used and the concentration of EDTA in
the buffer. In the system cited above, we observed the one band
pattern reported by Calissano et al. (1). However S-100 protein
electrophoresed in the presence of EDTA (from 0.1 to 2.5 mM) in con-
tinuous buffer systems, where glycine was replaced by HC1l or acetic
acid,resolved into two immunologically similar protein bands (8,13).
The precipitin bands neither intersected nor showed "spurs" on a
double diffusion test, with the specific antiserum of Levine and
Moore (9).

In view of the possibility that the two electrophoretic bands
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represented two (at least) distinct molecular species, we have adop-
ted the term F-S100 (S-100 protein fraction) and we call the two
bands, fast and slow migrating components (FMC and SMC). The two
components were present in different, but reproducible, amounts

and proportions in the brains of different animal species (12).

a given species, they showed strong, but reproducible, regional va-
riations (4, 5).

Different extraction and electrophoretic conditions were exa-
mined on the brain extracts of three species (rat, beef and pig)in
which the faster migrating band was present in extremely different
proportions (respectively 95, 60 and 18 percent of total F-S100).
The species-specific electrophoretic profiles in the Tris-acetic
acid-EDTA system, were not modified by 2-mercaptoethanol in the ex-—
traction buffer or in the electrophoretic system, by the EDTA (2.5
mM) alone or together with 2-mercaptoethanol in the extraction buf-
fer, by whether the gels were preelectrophoresed or not, and by in-
cubating the brain for up to 4 h at 37° (7). Both components, eluted
directly from the gel after electrophoresis of bovine F-S100 in Tris-
acetate-EDTA buffer, migrated as a single band when re-electropho-
resed (13). Both components had the same sedimentation coefficient
as bovine F-S100 (7). They could not be separated by gel filtration
on Sephadex G-200 but a partial separation on the basis of charge
was obtained by continuous flow paper electrophoresis, DEAE-Sephadex
chromatography, and isoelectric focusing (7).

These data indicated that the two band pattern was due neither
to post-mortem autolysis, nor to a reversible equilibrium between
two different states of a unique molecule, provoked either by the
oxidation of SH groups or by the action of bivalent cations. Aggre-
gation phenomena and splitting into subunits could be excluded.

A possible explanation for the apparent contradiction between
the electrophoretic heterogeneity of F-S100 and the immunological
data was that the two bands represented two different irreversible
conformational states of one single molecular species.

In fact, Moore, Calissano, Friesen and Rusca (1, 2, 11) demon-
strated conformational changes of S-100 in the presence of calcium
ions resulting in multiple band patterns on electrophoresis. They
also reported that, at high calcium concentrations,S-100 was resol-
ved into two bands (11). In view of the fact that the effect of Catt
appeared to be irreversible after a prolonged incubation, it could
not be excluded that S-100, a single molecular species, existed 1n
v1vo in two Ca*t induced irreversible conformational states which
migrated as two bands, or that Ca**, contaminating the buffers,arti-
factually induced a two band electrophoretic profile. The latter hy-
pothesis is however unlikely since identical electrophoretic patterns
were obtained for a given species whether brain soluble proteins
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were extracted in presence or absence of EDTA (or EDTA and mercapto-
ethanol), and since electrophoresis was carried out in the presence
of high concentrations of EDTA. The interspecific differences, how-
ever, cannot be explained simply by a Cat+ effect in vivo, since

the concentrations of Ca*+* determined in the brain extracts of rat,
pig and beef were practically the same (7). It is possible however
that the reported differences in amino acid composition of F-S100

of different species could cause different reactivities towards
Ca**, and thus the different electrophoretic profiles.

Purified pig brain S-100 electrophoresed in the presence of
calcium (4 mM) separated into two bands which migrated well behind
bromophenol blue (7). A densitometric estimation of the relative
proportion of the two bands obtained in the presence of 4 mM cal-
cium indicated that they were present in approximately equal
amounts (7). The ratio between the two bands, and their migration
distance relative to that of bromophenol blue, when electrophoresed
in the presence of high, unphysiological concentrations of calcium
suggests that the bands observed by Rusca and Calissano (11) are
not related to the two components described by us (Fig. 1). This

l/ \\ [_1
BP Départ

Fig. 1. Densitometric profiles of pig F-S100 after electrophoresis
on mixed (7 Z) acrylamide- (0.75 Z) agarose gel slabs :

90 mM Tris-acetate (pH 8.6), 2.5 mM EDTA ; ----- 90 mM Tris-
acetate (pH 8.6), 4 mM CaClj.
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conclusion is also supported by the fact that the protein fractions
induced by high calcium concentration were partially separated by
gel filtration (11), where ours were not separated (7). Electropho-
regrams of purified pig brain S-100 in the presence of lower Cat+t
concentrations (between 10 and 400 uM) (Fig. 2) were qualitatively
similar to these on gels containing neither Cat* nor EDTA (7, 8).
In fact, pig brain S-100 resolved as up to five bands, as did beef
brain S-100. The migration of the whole S-100 electrophoretic pat-
tern relative to that of bromophenol blue was progressively reduced
as the calcium concentration increases (7).

A puzzling result which casts serious doubts on the hypothesis
that increased brain calcium is responsible for the electrophoretic
heterogeneity of rat brain F-S100 protein was given by electropho-
resis of brain soluble proteins of the three species examined in

Fig.2. Densitometric profiles after electrophoresis on mixed (7 %)
acrylamide- (0.75 %) agarose gel slabs in 90 mM Tris-acetate (pH

8.6) containing different concentrations of CaCly. ——— pig F-S100;
—————— total pig brain soluble proteins ; BP : bromophenol blue.
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Fig. 3. Densitometric profiles after electrophoresis on.mixed (7 7%)
acrylamide- (0.75 %) agarose gel slabs of total brain soluble pro-
teins in A : 90 mM Tris-acetate (pH 8.6), 2.5 mM EDTA ; B : 90 mM
Tris-acetate (pH 8.6), 4 mM CaCljy.

the presence of high (Fig. 3) and low (Fig. 2) Ca** concentrations.
None of the normal prealbumin bands, (including S-100) were visible
(7). A comparison of the migration distance of purified S-100 re-
lative to that of bromophenol blue showed that under these conditi-
ons the protein migrated to the same position as many other brain
soluble proteins and for this reason, it could not be detected on
electrophoresis of brain extracts (Fig. 3) (7). On the basis of
these results it is reasonable to conclude that FMC and SMC are not
related to calcium action. Thus they must be either two different
conformational states of a single protein (not due to calcium action)
or two (at least) different molecular species. The immunological
similarity of the two components is not an obstacle to the latter
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hypothesis ; in fact differences between F-S100 of different spe-
cies shown by amino acid analysis and electrophoresis were not de-—
tected immunologically.

Only a structural analysis of the two components can give a
direct proof of the molecular heterogeneity of F-S100. A partial
separation of the two components of pig brain F-S100 was obtained
(Fig. 4) by using chromatography on. DEAE-cellulose, with a very
shallow NaCl gradient (8).

F-5100 was eluted as a non-symmetrical peak. The "shoulders'"
on the elution profile were due to the partial separation of the
two components.

After electrophoretic control the various tubes were pooled in
three fractions :

- fraction I contained only slow migrating component ;

- fraction IT contained almost exclusively slow migrating
component ;

- fraction III was a mixture of the two components. In addition
control electrophoresis of this fraction revealed the presence of
a number of bands, migrating behind F-S100, We believe that these
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Fig. 4. DEAE-cellulose column chromatography of an F-S100 rich
fraction obtained by ammonium sulphate fractionation (8). A:elution
profile protein ; B : distribution of FMC (.....),

(——--- ); and partially denatured F-S100 (-A-A-A-).
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Fig. 5. Rechromatography on DEAE-cellulose of fraction II (A) and
fraction III (B) of F-S100 as defined in Fig. 4. ——— protein ;
—————— SMC ; ...... FMC ; —A—A—A— partially denatured F-S100.
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bands represent denaturated F-S100 since their migration distance
relative to that of bromophenol-blue, was similar to those of F-S100
electrophoresed without EDTA (8). Furthermore, samples of F-S100
allowed to stand at room temperature for a few days, or precipitated
by HCl and then dissolved in Tris-acetate-EDTA (pH 8.6), showed,
upon electrophoresis, similar bands although such bands were not
found in the original samples (14).

Fractions II and III were rechromatographed on DEAE-cellulose
with very shallow gradients (8). As can be seen in figure 5, we
obtained from fraction 2 one subfraction (fraction IIa) containing
only slow migrating component. Fraction IIT gave several subfrac-
tions,one of which contained practically only fast migrating com-—
ponent (fraction IIId).

The tryptic peptide maps of the pooled SMC fractions compared
to that of the FMC fraction are shown in Fig. 6 (8). A number of

Fig. 6. Silica gel thin-layer chromatograms of dansylated tryptic
hydrolysates of pig F-S100 FMC and SMC. A: FMC ; B: SMC ;
peptides specific to FMC ; W/ Aveptides specific to SMC ;

common peptides ; P : breakdown products of dansyl chloride
weakly fluorscent spots are defined by a broken line. The material
used was derived from 100 pug protein. lst dimension : methyl ace-
tate-isopropanol-25 % ammonia (9:6:4, by vol) ; 2nd dimension :
isobutanol-acetic acid-water (15:4:2, by vol).



S-100 PROTEIN FRACTION 17

peptides spots were common to the maps of both fractions. Many others
were specific to one of the two components, suggesting that either
FMC and SMC are indeed two different molecules having some simila-
rities ("isoproteins'") or that F-S100 contains proteins, other than
the S—100 antigen, but with similar chromatographic and electropho-
retic characteristics. Contamination with proteins migrating dif-
ferently cannot be more than 2 7 taking into account the amount of
S-100 used for control electrophoresis and the sensitivity of Coo-
massie brilliant blue staining.

It appears however that SMC contains by itself more than one
molecular species, since the number of spots in the maps was very
different and greater for the SMC map, and since subfractions of
SMC have different fingerprints (Fig. 7) (8).

It is evident that these conclusions depend on the absence of
peptides due to non-specific cleavage, and on the absence of chro-
matographic artifacts such as double spots for a single peptide.
Both sources of errors can be ruled out. In fact the specificity of
tryptic digestion was checked by finger-printing known proteins (16)
and by analysis of the C-terminal amino acid of each peptide, which
indicated that this amino acid was lysine or arginine for almost
all the peptides. Chromatographic artifacts were ruled out by elu-
ting the spots after the first dimension and evaporating the sam-
ples. Each spot was then chromatographed in the second dimension.
The reconstituted map of whole F-S100 showed the same high number
of peptide spots.

This number is higher than that expected from the lysine and
arginine residues present in the whole F-S100 protein fraction de-
termined on the same preparation of F-S100. Since we have excluded
contamination with other proteins and technical artifacts, the high
number of peptides is compatible only with the presence of several
molecular species. In view of the fact that S-100 appears to con-—
tain at least 3 polypeptide chains (3), we suggest that F-S100 iso-
proteins are due to various combinations, in sets of three, of the
constituent polypeptide chains. There would be more than three
chains differing from each other, in some cases by "fine" punctual,
and in other cases by more gross differences of their primary struc-—
ture. This suggested '"molecular heterogeneity of S-100" is of the
same type of that of normal haemoglobin. Regional (4, 5) and inter-
specific differences (12) of F-S100 could also be explained within
the same framework. The various isoproteins would have similar ex-
ternal surfaces in order to ex¥plain the immunological results. In
the presence of EDTA, the various isoproteins could be separated
into two classes, that we called FMC and SMC. It is possible that
Catt unfolds these molecules, and as suggested by Calissano, Moore
and Friesen (1969) exposes hidden amino acid differences between the
various molecules, thus leading to the multiple band electrophoretic
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Fig. 7. Silica gel thin-layer chromatography of dansylated tryptic
hydrolysates of four fractions (as defined in Fig. 4 and 5) which
contained only SMC. For conventions and conditions see legend to
Fig. 6.

profiles. High ca’* concentration could expose hydrophobic residues
(Ile, Leu and Val account for at least 20 percent of amino acids in
pig brain F-S100) and thus reduce F-S100 solubility and its electro-
phoretic mobility.
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It is impossible at the present time to relate the extensive
molecular heterogeneity of F-S100 to function, since this function,
despite the many hypotheses advanced, is unknown. Studies attempting
to elucidate the functional role of this protein, however, should
take into account the existence of these isoproteins.
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IMMUNOLOGICAL STUDIES OF BRAIN SPECIFIC PROTEIN

Krystyna WARECKA

Nervenklinik der Medizinischen Akademie Lubeck (24)
(Germany)

Detection of the Protein

We have found a glycoprotein in human brain which is brain spe-
cific on immunological criteria (7). As can be seen in Fig.lA, im-
mune sera prepared against white matter, give precipitation bands
with aqueous extracts from white matter. Only one band remains if
this serum is absorbed with human serum and organ extracts (Fig.lB).

Fig. 1. A. Immunoprecipitation of anti-white matter immune serum
against white matter with aqueous extracts of white matter (a and
d), liver (b and e), and kidney (c and f). Two distinct precipita-
tion lines are seen, one of which shows crossing-over in the bord-
line area between white matter-liver and white matter—kidney.

B. Immunoprecipitation after absorption of anti-brain serum with
aqueous liver and kidney extracts. Only one brain-specific line re-
mains.

21
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Fig. 2. Immunoelectrophoresis of brain and kidney extracts (pH 6.5-
8.2) in the alphaj-area. It appears as a sharply defined, rather
straight precipitation line. At its cathodic end, the line termi-
nates in a semi-circle around the application point. Upper hole :
white matter extract ; lower hole : kidney ; center well : anti-
brain serum absorbed with human serum and liver.

Fig. 3. Immunoelectrophoresis of enzyme-treated antigens. When neur-
amidase was added to the antigen, this line became shorter and less
intense, the semi-circle around the application point disappeared.
Control tests with glucuronidase, glucosidase and galactosidase show
less definite alterations. Upper hole in a,b,c,d : brain extract in-
cubated with enzymes ; lower hole : control brain extract ; center
well : antibrain serum.
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Fig. 4. Immunoelectrophoresis of aqueous extracts from white matter
(GW) and antibrain serum. PAS stain. The alphag-precipitation line
is the only fraction which is clearly visible.

After absorption of the immune serum with liver and kidney extracts,
only the brain specific band can be seen. The protein migrates in

the alpha) area, and by immunoelectrophoretic analysis gives a sharp-
ly defined, rather straight precipitation line which terminates as

a semi-circle around the application well (Fig. 2 ).

The nature of this protein has been examined by enzymatic di-
gestion (Fig. 3 ) and periodic acid-Schiff staining (Fig. 4 ). The
immunoelectrophoretic analysis of the protein was affected by prior
treatment with a-neuraminase, whereas treatment with B-glucuronidase,
B-glucosidase or R-galactosidase had little or no effect. When the
immuncelectrophoregram was stained by the periodic acid-Schiff me-
thod only the alphaj-antigen precipitation line was visible.

From the totality of these results, several deductions as to
the nature of the protein can be made. At neutral pH, the protein
is acidic because even in acidic buffers it migrates towards the
anode. A part of this negative charge may be due to the presence
of neuraminic acid. The acidic charge of the protein is confirmed
by its behaviour on ion exchange chromatography (see below). The
protein is clearly a glycoprotein, since it contains neuraminic
acid and stains with the periodic acid-Schiff reaction.

Cellular and Subcellular Localization

The subcellular localization of the protein has been studied
using the fractionation procedure of Gray and Whittaker (2). All
fractions were examined by electron microscopy to check their purity,
then subjected to immunological analysis. The microsomal fraction
seemed to be highly pure (Fig. 5 ). When the fractions were subjec—
ted to immunological analysis, precipitation lines were obtained
with the microsomal and soluble fractions but no reaction was ob-
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Fig. 5. Microsomal fraction. Vesicles of various sizes and small

filaments corresponding to endoplasmatic reticulum are seen.
66,400 X.

Fig. 6. Immunodiffusion analysis : 1 and 4 brain extract ; 2 cell

sap ; 3 liver ; 5 human serum ; 6 microsomes ; center well : anti-
brain serum before (A) and after (B) absorption with liver and

human serum.

tained with the nuclear, myelin, synaptosomal or mitochondrial
fractions (Fig. 6).

Comparative studies on rat, monkey and human brain indicate a
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"phylogenetic development'" of this protein : the human brain pro-
tein shows semi-identity with a rat brain specific protein and com-
plete, or almost complete,identity with a monkey (Macaca mulatta)
brain specific protein (5).

This human brain specific protein appears at a specific stage
in brain development (Table I). The protein can be first detected
between 24 and 28 weeks of foetal age, when glial cells differen-
tiate ; at the "myelination glia stage'" (Fig. 7 ). It is at this
time that myelin, astrocytes, macro— and micro-glia, and the first
oligodendrocytes can be identified histologically. Detection of the
brain specific protein by immunoelectrophoresis was less specific
than detection by the induction of antibody synthesis since immuno-
logically the protein appeared 3-4 months after birth whereas by
antibody induction, it could be detected at 24-28 weeks of foetal
age.

The fact that the brain-specific protein appears during neuro-
genesis in parallel with the myelination glia suggested that the
brain specific alphajp-glycoprotein is localized in glia cells. This
hypothesis is supported by the fact that white matter extracts are
more effective in inducing the specific antibody formation than are
gray matter extracts. Furthermore this protein is present in higher
concentrations in normal and pathological white matter than in gray
matter. Only trace amounts of this protein are found in myelin-poor
regions such as the putamen and caudate nucleus. The glial locali-
zation of this protein was tested directly on neurons and glial cells
isolated by the density gradient method of Rose (3), slightly modi-
fied (12). Four fractions (debris, neuropil, nuclei and neuronal
perikarya) were obtained. The nuclei, neuropil and neuronal peri-
karya were examined immunologically, and by light and phase contrast
microscopy.

The morphology of the fractions obtained is shown in Fig. 8.
Some contamination of the neuronal perikarya fraction with glial
cells was detected. A quantitative estimate of the contamination
was obtained by counting the number of glial cells, neuronal peri-
karya and neuronal nuclei without surrounding cytoplasm. The intact-
ness of the cells was defined by the neuronal perikarya/meuronal
nuclei ratio (Table II). The contamination of the neuronal perikary
fraction with glial cells and the neuropil fraction with neuronal
elements was estimated from the ratio of neuronal perikarya + neuro-—
nal nuclei/glial cells. The results show that both the neuronal peri-
karya and neuropil fractions are highly enriched (Table II ). In the
neuropil fraction predominantly glial cells are seen.

When the fractions were examined immunologically (Fig. 9.),the
brain specific precipitation band was clearly visible with extracts
of the neuropil fraction. The precipitation band had the same immuno-
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Fig. 7. A. Tmmunoelectrophoresis of extract of brain of a 28 week-
0ld foetus (upper hole) and extract of normal adult brain (lower
hole) developed with antibrain serum absorbed with human serum and
human liver. - B. Immunoelectrophoresis of normal adult brain ex-
tract (upper and lower hole) developed with antiserum against 28
week-old foetal brain, absorbed with human serum and human liver.
C. Myelination glia in the internal capsule between the globus pal-
Tidus and corpus luysii of the same foetus. Cresyl violet ; 215 X.
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TABLE II

Fraction Neuronal perikarya Neuronal perikarya+neuronal nuclei
neuronal nuclei glial cells

WHITE MATTER

Suspension 0.32 0.64
Neuropil 0.03 0.08
Neuronal 2,05 3.15
Nuclear 0.24 1.705

GRAY MATTER

Suspension 0.48 0.62
Neuropil 0.005 0.055
Neuronal 2.11 3.33
Nuclear 0.26 0.62

The measure of intactness of the isolated cell preparations was de-
fined on the basis of the neuronal/nuclear ratio. The contamination
of glial fraction with neurons and neuronal fraction with glial
cells in the white and gray matter has been calculated by neuronal/
glial ratio. In this ratio the term neuronal includes the intact
neuron as well as the nucleus. Suspension means initial tissue sus-
pension in Ficoll medium (10 % Ficoll, 100 mM potassium chloride
and 10 mM potassium buffer pH 7.4).

Fig. 8. Samples were examined either by phase contrast or after
light staining with toluidine blue by light microscopy. A and B :
glial cells in phase contrast and light microscopy respectively ;
C : glial cells attached to neuron, small amounts of glial conta-
mination of the neuronal fraction was noticeable. 400 X.
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Fig. 9. Immunodiffusion analysis of glial fraction (1 and 2), liver
(3), serum (4), and brain (5 and 6) with antibrain serum (center
well) before (A) and after (B) absorption with liver and human serum
The brain-specific precipitation line is distinctly visible.

Fig. 10. Immunoelectrophoresis of glia (upper hole) and brain tissue
(lower hole) developed with antibrain serum absorbed with liver and
human serum (center well).
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Fig. 11. Immunodiffusion analysis of neuronal fraction (1, 2, 3)
and brain tissue (4, 5, 6) with antibrain serum (center well) be-
fore (A) and after (B) absorption with liver and human serum. No
precipitation lines related to brain-specific protein are seen in
the neuronal fraction. The neuronal protein in every well amounted
to 242 pg.

electrophoretic properties as the alphap-protein detected in white
matter (Fig. 10). Analogous experiments with neuronal extracts
(Fig. 11) and the nuclei did not show precipitation bands although
the amount of protein applied from these two fractions was 10-fold
higher than that necessary to detect the protein with the neuropil
fractions.

Isolation of the Alphaz—Glycoprotein

A method has now been developed in our laboratory for the puri-
fication of the brain-specific alphajy-glycoprotein.The protein was
retained by DEAE-cellulose, and could be eluted by acidic buffers
of high ionic strength. A fraction highly enriched in the protein
(Fraction IV) could be obtained by elution with a discontinuous gra-
dient of phosphate buffer-NaCl (Fig. 12). Fraction IV showed only
one immuno-precipitation band with antibrain immune serum (Fig.13),
but if the isolated protein was used to induce antibody, there was
some trace reaction with serum albumin.
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Fig. 12. The alphaj-brain-specific protein was first isolated on
DEAE-cellulose by using a phosphate buffer with increasing activity
and molarity (6). The brain-specific protein was eluted in the
fraction IV.

Fig. 13. Immunoelectrophoresis of brain extract (upper hole) and
fraction IV (lower hole) with antibrain serum (center well).

To continue biological studies of the protein, homologous anti-
bodies were needed. Such antibodies were isolated by affinity chro-
matography (4) as described by Axen (12). Antibrain immune serum
was passed through a Sepharose-liver column and the unretarded ma-
terial collected. This eluate was then passed through a Sepharose-
brain column, and after elution of the unretarded material, the
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Fig. 14. Antibrain serum obtained by immunization of rabbits with
brain extract was added to Sepharose-liver colummn. A sample (100 ml)
of 0.15 M phosphate buffer pH 7.2 was then passed through the colummn
at a rate of 45 ml/h. The antibodies bound to the immunoadsorbent
were eluted with 0.1 M acetic acid pH 3.0 (fraction II 1li). The first
eluate of the Sepharose-liver column was added to Sepharose-brain
column. After 100 ml of buffer had passed, acetic acid was added to
elute the bound antibodies (fraction II b). Details see Ref. (6).

Fig. 15. The fraction II 1i contains no brain-specific antibodies,
no brain-specific line is here visible (c and d). The fraction IIb
is completely pure, reacts only with brain-specific protein (e and f).
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Fig. 16. Antibrain serum (10 ml containing 0.7 g protein) was pas-
sed through the column (colum A = 9 x 16 cm). After the column
was washed with 0.15 M phosphate buffer pH 7.2 the bound antibodies
were eluted by 0.15 M glycine-HCl buffer pH 1.8 (eluate Ary). This
eluate was adjusted at pH 7.2 with 1 N NaOH and passed through the
Sepharose liver column (column B = 14 x 1.6 cm). The eluate By was
bound to Sepharose (columm C = 4 x 2 cm). Brain extract (10 ml con-
taining 50 mg protein) was passed through this column. The column
was washed and then eluted with glycine-HCl buffer. The eluate C1T
contains only brain-specific proteins. The yield of the brain-spe-
cific proteins was 0.13 mg.

bound antibodies were eluted with 0.1 M acetic acid (pH 3.0), as
shown in Fig. 14. This eluate reacted only with brain, giving the
typical immuno-electrophoretic pattern of alphaj-glycoprotein. No
reaction was seen with liver or serum (Fig. 15).

This principle was also used for isolating brain-specific pro-
teins. Antibrain serum was passed through a Sepharose-brain extract
column and the column washed (Fig. 16). The bound antibodies were
eluted with 0.15 M glycine-HC1l (pH 1.8). The eluted material was
then applied to a Sepharose-liver extract and human serum column.
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The column was then washed and the material washed from the columm
bound to Sepharose to form a Sepharose-brain specific antibody co-
lumn. Brain extract was then passed through the column, the columm
was exhaustively washed and the bound brain-specific proteins eluted
with 0.15 M glycine-HCl (pH 1.8). This protein fraction was analysed
immunologically as shown in Fig. 17. Eluate Cyy shows one, and some-
times two, precipitation bands which are identical with the brain
specific bands. By immunoelectrophoresis the bands were also vi-
sible, occasionally the second minor band was visible (Fig. 18). As
shown in Fig. 19 and 20, anti-Cy immune serum reacts with brain
extract and fraction Cyy but neither with liver nor serum.

At present, we can only speculate as to the nature of the se-
cond brain-specific protein. But it seems likely that this protein
belongs to the same family of brain specific proteins as does the
alphag-glycoprotein.

Fig. 17. Immunodiffusion analysis : center well antibrain serum be-
fore (A) and after (B) absorption with human serum and liver ; 1 and
4 : brain extract ; 2 and 5 : eluate Cyy ; 3 : liver extract ;
6 : human serum. Between eluate Cyy and antibrain serum are seen
one (2) or two (5) precipitation lines which show no identity with
liver extract or human serum. These lines show identity with brain-
specific lines (see also Fig. 19).
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Fig. 18. Immunoelectrophoresis of CI fraction (upper hole A and B)
and brain extract (lower hole A and ﬁ) with antibrain serum before
(A) and after absorption with human serum and liver (B). In the
fraction Cyy two brain specific lines are visible ; one of them cor-
responds with the alphap-brain-specific protein, the second protein
was enriched by affinity chromatography, it was never seen before
using an immunoadsorbent.

Fig. 19. Immunodiffusion analysis ; after immunization with eluate
CIT rabbits are building only brain-specific antibodies, no anti-
bodies against liver and serum were detected. Center well:anti-Cyy-
serum, 1 and 4 : brain extract, 2 and 5 : liver extract, 3 and 6
human serum.
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Fig. 20. Immunodiffusion analysis. Center well : anti-C serum ;
1, 3, 5 : brain extract ; 2, 4, 6 : Cyp fraction. (See also Fig.19).

Summary

We are dealing with a brain-specific protein bound to a sugar
component rich in neuraminic acid. This glycoprotein is a glial
protein. It was not found in neurons and in the nuclei of both types
of nervous cells. It is localized in microsomes and the supernatant.
This protein appears during human ontogenesis at 24-28 weeks of
foetal age. This component was almost identical with the brain-spe-
cific protein of Macacus rhesus, and semi-identical with the brain-
specific protein of rats. This protein can be easily isolated with
affinity chromatography. However, by this method, a second brain-
specific protein was obtained whose origin is as yet unknown.
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BRAIN GLYCOPROTEIN 10B : FURTHER EVIDENCE OF THE '"'SIGN-POST" ROLE
OF BRAIN GLYCOPROTEINS IN CELL RECOGNITION, ITS CHANGE IN BRAIN
TUMOR, AND THE PRESENCE OF A "DISTANCE FACTOR"

Samuel BOGOCH

Dreyfus Medical Foundation, New York ; Boston University
School of Medicine and Foundation for Research on the
Nervous System, Boston (USA)

Brain glycoprotein 10B was first isolated from normal brain
tissue and from brain tumors in 1964 (3). 10B was also isolated
from a brain tumor of the ependymoma-glioma type grown subcutane-
ously in mouse (4), from normal cat hippocampus and caudate nuclei
(4), from normal mouse brain, normal pigeon brain, and from subcel-
lular fractions of guinea pig brain (4). 10B is structurally dis-
tinguished from microtubule protein (21), S100 protein (18),antigena
(2) and the alkylated brain protein (15). Antisera prepared to brain
10B did not react with proteins of other organs or serum (5).

10B was found to be concentrated six to nine fold in glial

brain tumors (4). In addition it was shown to be increased in con-
centration in Tay-Sach's disease brain in the presence of marked
gliosis (9). It was found to be concentrated in glial tumor cells
grown in tissue culture (4), and in the outer membranous fractions
(""ghosts") of lysates of these glial tumor cells (4). These obser-
vations together led to the impression that 10B is a glial consti-
tuent. This assumption is clearly supported by the immunochemical
data herein reviewed.

10B was shown to increase in concentration in normal pigeon
brain during operant conditioning (4,5).14C-glucose was rapidly
and markedly incorporated into the carbohydrate of 10B during trai-
ning (4, 5, 12). The increase in 10B concentration was followed days
later by a return to normal levels of 10B and a concomitant increase
in the concentration of the associated brain glycoprotein 11A (4).
For this reason, and because of the structural similarities later
demonstrated between 10B and 11A, the possibility that 10B is a
biosynthetic precursor of 11A has been considered (5).

39
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Sign-Post Theory of Brain Circuitry

I have previously proposed (4, 5) that the glycoproteins of the
nervous system are involved in cell recognition, contact, and po-
sition functions and that these properties are responsible for the
stable inter-cell circuitry necessary for information handling and
storage by the nervous system., That is, the glycoproteins determine
which nerve cells grow together in contact during development to
permit transmission, as well as the facility of transmission at a
given synaptic junction throughout life, The experimental evidence
in support of this "Sign-Post'" theory, summarized in the above
references, has included the fact that a change in the structure
and function of the brain glycoproteins should accompany both the
expression of and the regression of these higher nervous system
functions, Evidence for chemical accompaniments of the expression
of these functions has been summarized in the above references.The
regression of function, as observed in the mental deficiency ac-
companying certain inborn errors of metabolism, such as Tay-Sachs'
disease is associated with glycoprotein pathology (9).

The present report summarizes two types of further evidence in
support for the "Sign-Post" theory

1) Expression, - Changes occur in both the concentration of,
and radioactive exchange of the carbohydrates in glycoproteins of
the training as compared to resting pigeon brain,

2) Regression, - Changes in the structure of the carbohydrate
moieties of the brain glycoproteins occur with the loss of higher
cell functions, These changes in glial tumors appear to result in
the "unmasking" of certain antigenic sites of 10B, permitting im-
munofluorescent labelling of their cells of origin by specific 10B
antisera, That the unmasking of 10B occurs only in actively di-
viding astrocytic glia at the growing edge of glial brain tumors
suggests that this is an index of malignant change., Malignant change
is characterized by the loss of such higher information functions
as specific recognition, contact and position of cells, That these
changes in brain glycoproteins can be observed in the glycoproteins
of the intact brain of mice at some distance from the glial tumor
implanted subcutaneously on their backs, as reported here, suggests
the existence of a Distance Factor (DF) which may be responsible
for the induction of precancerous or early cancerous change in nor-
mal cells,

Preparation of 10B
Normal brain or brain tumor tissue is dissected free of me-

ninges and gross blood, and homogenized in 0,005 M phosphate buffer,
pH 7, in the ratio of 1 gram of tissue to 100 ml of buffer., For
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samples under 0.5 g, the Potter—Elvejhem homogenizer is used and
for samples greater in size than 0.5 g, the Waring blender is used.
Specimens are extracted in the cold room in pre-cooled homogenizers.
The first extraction is over a three minute period. The homogenate
is centrifuged at 80,000 g for 30 min in a Beckman Model L ultra-
centrifuge. The supernate is decanted, the residue rehomogenized
with a further equal volume of phosphate buffer, centrifuged again,
and the second supernate combined with the first. The extraction

of the residue is repeated with fresh buffer until less than 50 ug
of protein is extracted from the residue. For most specimens this
is accomplished in 4 or 5 homogenizations. The soluble proteins
thus obtained are combined (extract A), dialyzed at 4° for four
hours against 4 liters 0.005 M phosphate buffer, with constant mag-
netic stirring, then concentrated approximately ten-fold by per-
evaporation to a final volume of around 15 ml. This material is
dialyzed once more against 4 liters of phosphate buffer at 4° with
stirring. On completion, the volume of the contents of the dialysis
sac is noted, an aliquot is taken for total protein analysis, and
the balance is fractionated in the cold room on a DEAE-cellulose
(Cellex D) colum, 2.5 x 11.0 cm, which has been equilibrated with
0.005 M sodium phosphate buffer. Stepwise eluting solvent changes
are made according to the schedule previously given (Ref. 4, p.123)
such that solution | begins with tube 1, solution 2 with tube 88,
solution 3 with tube 98, solution 4 with tube 114, solution 5 with
tube 255 and solution 6 with tube 287. Solution 7, which begins
with 212, provides groups 10B and 11A, and finally 0.3 percent
Triton X-100 is begun with tube 260, to elute groups 11B, 12 and 13.
Folin-Lowry protein determinations are made on each tube (4). The
total protein in all of the groups thus obtained provides the final
yield of protein, in milligram per gram of original weight of brain
or tumor tissue. The 10B thus isolated can be rechromatographed on
a fresh columm of Cellex-D, with the same solvents, with no essen-
tial loss.

Properties of 10B

10B differs from microtubule protein (21) in its amino acid
composition (see Table I), solubility at acidic pH (3 to 4), and
insolubility at neutral and alkaline pH, and in that 10B contains
much more carbohydrate (see Table II) than microtubule protein
(see Shelanski et al., this Symposium).

10B differs from S-100 protein (18) in several ways

1) Its amino acid composition is quite different (see Table II);

2) Its carbohydrate content is high, whereas carbohydrate
constituents are absent from S-100 ;

3) Immunologically, 10B and S100 are completely distinct (5);

4) S100 appears to be cytoplasmic, whereas 10B appears to be
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TABLE I
Amino Acid Composition of Brain

Proteins 10Bl1 and 10Bll
(Residues per 1000 residues)

10B1 10B11

Human Human

Pigeon Tumor Pigeon Tumor

Glu 129.5 136.8 132.9 139.6
Asp 103.2 102.5 98.7 109.0
Leu 87.7 95.2 85.2 97.9
Ala 87.0 95.7 92.9 99.0
Gly 78.9 73.1 76.8 72.6
Lys 72,2 70.9 80.7 70.3
Ser 66.1 65.4 55.5 65.0
Val 61.4 51.8 63.2 51.0
Thr 52.6 54.8 51,0 54,9
Arg 48.6 51.3 59.4 52.3
Ile 43,8 29.5 43,2 28.3
Pro 41.8 41.7 43,2 47.8
Phe 33.0 36.8 31.8 36.4
Tyr 26.3 26.7 22,6 24,5
His 25.0 26.9 24,5 27.6
Cysteic 23.6 17.1 25.8 10.2
Meth (+cys) 19.6 14.6 12.9 13.3

TABLE II

Carbohydrate Composition of Pigeon Brain Glycoproteins
10Bl, 10Bll and 11A, as percent of Protein (Ref.5)

10B1 10B11 11A
Hexose 11,1 16.7 10.9
Hexosamine 16,2 17.9 4,6
Neuraminic acid 0.6 1.0 0

predominately membranous in localization (4, 19),
10B differs also in its amino acid composition from antigen-gq

(2).
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Incorporation of 14C-Glucose into Training and Resting
Pigeon Brain 10B and Other Glycoproteins

Glucose labelled in the first carbon was injected intravenously
into pigeons at rest. They were then allowed to rest, or to engage
in a training procedure for varying periods of time before sacri-
fice in a dry ice-acetone bath, The brain glycoproteins were extrac-
ted and separated as previously described (4, 5). While this study
is more fully described elsewhere (7), Figure 1 summarizes the fin-
dings.

At rest for 30 min, only slight incorporation was observed

in groups 2, 3 and 11B. Much more incorporation was observed at
only 10 min of training,

Fig.l
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Furthermore, the nature of the most actively labelled groups
was a function of time. Thus while at 10 min training, groups 1,
10A and 10B were most prominently labelled; at 20 min, groups 10A,
10B and 10B2, 11B, 12 and 13 were most activej; at 60 min, groups 1
and 2 were again active, together with groups 7, 11A and 11B, The
fact that groups 1 and 2 are associated with the lateral dendritic
processes (4) and that 10B proteins are associated with astrocytic
glia, indicate that the sequential activity of glycoproteins of
different cellular organelles as well as of different cell typs
(glia and neurones) will require further individual examination,

What is clear is that there is an extremely active turnover
of carbohydrates in the brain glycoproteins of training pigeons,
and that much of this activity occurs within minutes. We had pre-
viously noted (4, 5) that these changes occured earlier than those
times usually examined in such studies, and the present data con-
firms the importance of examining discrete and short time periods
in relation,where possible,to specific glycoproteins and specific
cell fractions,

Concentration of Constituent Hexose of Brain and Tumor 10B
and Other Glycoproteins

It was noted earlier that brain glycoprotein 10B concentration
is increased in human brain glial tumors and that its protein-bound
hexose is reduced (Ref, 4 p.150), In this subsequent analysis of
specimens of human brain tumors and of surrounding brain tissue for
the concentration and type of glycoprotein present, the total pro-
tein-bound hexose in the tumor itself, 2,7 percent, was less than
that in surrounding glial capsule, 6,2 percent, or in the outside
normal cortical tissue, 5.1 percent.

In cases where the demarcation of tumor from surrounding tissue
was not as clear as that above, and the degree of infiltration of
normal tissue by tumor cells was variable, it was difficult to im-
possible to carry out this type of comparative analysis. Edema and
hemorrage in the surrounding tissue also militate against such
study.

To avoid this problem, ependymoma-glioma tumors previously
grown in C3H mice, were transferred to subcutaneous sites on the
back of the mouse, in doses of 5 to 20 mg/mouse, to permit ana-
lysis of the tumor as well as the brain of the same mouse, free of
local pathology. The tumors were grown for two weeks, the mice
being kept in individual cages to avoid canabalism and to keep
track of the volume of fluid intake, The mice received diphenylhy-
dantoin (DPH), or its solvent alone ; in their drinking water,of
which the volume consumed daily was recorded., DPH has been found
to increase brain free glucose and glycogen (13, 16, 22) and to
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TABLE II

Total Hexose Bound to all Protein Groups of Mouse Brain,
as Percent of Protein

No DPH With DPH

Brain, control 4.6 , 5.5 7.9, 8.0

Brain, in "Tumor-bearer" 2.6 , 2.3 6.8, 7.0
TABLE IV

Hexose Bound in Glycoprotein 10B of Mouse Brain,
as Percent of Protein

No DPH With DPH
Brain, control 5.4 4.8
Brain, in "Tumor-bearer" 3.7 10.5

counteract anoxia (see Ref. 11). The mice were sacrificed, and
tumors and brains from groups of six mice were each pooled and
extracted for total glycoproteins.

In tumor-bearing animals, total brain protein-bound hexose
(Table III) and hexose in isolated brain glycoprotein 10B (Table IV)
were observed to be greater in concentration in DPH-treated than
in non—treated mice. In normal mouse brain, (non tumor-bearing) the
concentration of total brain protein-bound hexose has not constantly
been observed to increase with DPH, but under certain conditions to
decrease or to remain unchanged (10).

Stepwise Hydrolysis and Identification of Constituent
Carbohydrates of Glial Tumor Glycoproteins

The total glycoproteins were hydrolysed by means of a stepwise
acidic procedure previously described (5). The liberated sugar re-
sidues were isolated by dialysis at each hydrolytic step and sepa-
rated from the amino acids and salts by means of a two phase column
chromatography procedure (10). The separated sugars and amino acids
were then studied by thin-layer chromatography as earlier described

(4).
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TABLE V

Constituent Carbohydrates of the Isolated Glycoproteins of
Pigeon Brain and Glial Tumor

Pigeon Brain Glial Tumor
10B1 10B11 11A No DPH With DPH

Rhamnose (?) + + +
Fucose (ribose) + + + +
Xylose + +
Mannose + + + + +
Glucose + + + + +
Galactose + + + + +
Mannosamine (?) + + +
Glucosamine + + +
Galactosamine + + + +
Oligosaccharide 1 + +
Oligosaccharise 2  + +

The results are summarized in Table V, There were several
differences

1) A fast-running sugar with Rf of rhamnose was observed only
in the DPH-treated tumor glycoproteins,

2) An amino sugar with the Rf of mannosamine was prominently
released in the DPH-treated tumor but was questionable or absent
in the non-DPH treated tumor,

3) Two sugars with the mobility of oligosaccharides, labelled
oligosaccharide 1 and 2 in Table V, were released prominently in
the DPH-treated group, but were absent in the non-DPH treated tumor,

4) In DPH-treated brain, the glycoproteins demonstrated the
preponderance of galactose ; whereas galactose did not appear to
be present,or was present in trace amounts only, as a readily re-
leased sugar in non-DPH treated material,

Subtler differences observed which may merit further conside-
ration in future studies are as follows : with DPH treatment,ga-
lactosamine appears to be preponderant over glucosamine, whereas
in the non-DPH treated tumors the reverse holds, that is, glucos-
amine appears to be preponderant over galactosamine., These diffe-
rences in sugars as demonstrated by thin-layer chromatography are
now being investigated by gas chromatographic methods,
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Immunological Studies of 10B : Specificity for Reactive Astrocytes

Utilizing an antiserum to 10B, prepared in rabbits, it has
been possible to show that,at highest dilutions,immunofluorescence
occurs only in the astrocytic glia, and exclusively in "'reactive"
astrocytes, both in astrocytomas and in glioblastoma multiforme (1)
(Fig.2). No staining of frankly neoplastic cells, of normal glia,
or of ganglion cells occured.

These observations are in agreement with earlier data, cited
in the introduction, indicating that 10B is a glial comstituent.
That it is accessible to fluorescent staining, that is, to combi-
nation with specific antiserum in situ only when in a "reactive"
or dividing state suggests that either its structure is altered in
this state, and/or that it has become "unmasked" by the removal of
some blocking cell constituent or group, which would normally not
permit applied 10B antibody to contact the 10B antigen and react
with it. The implications of such a change in cell constituent re-
activity in relation to the development of the malignant process
will be taken up in the discussion.

From a practical point of view, both with regard to diagnostic
and therapeutic potential, it became of interest to determine how
specific the antiserum is to a particular 10B which is isolated
from a given human or animal brain tumor. To this end we have begun
to extract and purify 10B from each specimen of human brain tumor,
and from each specimen of surrounding more or less normal brain
tissues, and separately to prepare antisera to these 10B antigens

(10).

After concentration of 10B antigen in solution at 0.1 - 0.2
mg/ml there is some precipitation of 10B. Only the soluble super-
nate is injected, after Folin-Lowry protein determination. The
first injection is with complete Freund's adjuvant, into the foot
pads ; intravenous booster is given 10 days later ; intramuscular
injection in complete Freund's adjuvant is given two weeks later.
Rabbit sera were tested on Ouchterlony double-diffusion for the
degree of antibody formation.

Table VI records the data to date. Each reactive line is de-
noted a or b, and its intensity graded + to +++. It may be seen
that without cross—-absorption or other purification of either anti-
sera or antigens, there is some indication of specificity and some
of cross-reactivity. Cross absorption and other purification steps
are now in progress for both antigen and antibody. It is important
to note that the ability of isolated antigen and antibody to com—
bine in a gel or in solution without impediment is quite a different
matter from reaction of antibody with in situ cellular 10B antigen.
Thus 10B antigen is available in reactive astrocytic glia to
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TABLE VI

Cross Reactions between 10B-Antigens and Their Antisera Isolated
a) from Human Glial Tumors and
b) from Surrounding "Normal" Brain Tissue

Antibody to :

I.J."Normal" 1I.J.Tumor J.C."Normal" J.C,Tumor

10B Antigen from:

I.J. "Normal" a+ a+ - -

1.J. Tumor a++ a+++ a++ -
b++

J.C. "Normal" - a++ at+++ at++
b+

J.C., Tumor - a+ at+++ a+++

combination with 10B antibody, but it is unavailable for such com-
bination in non-reactive astrocytes,

Discussion

Search for the chemical expression of higher information
functions of brain cells has led in addition to findings of struc-
tural changes in the same molecules upon regression of these higher
functions, in brain tumors. The antisera which we have obtained to
a brain tumor cell antigen 10B have possible application to both
diagnosis and therapy of brain tumors, Thus since only the 10B of
reactive astrocytes will combine with added 10B antisera, it may
be possible to outline radioactively a brain tumor for active view-
ing on screens, or photography for permanent record. Further, if
the 10B antibody injected is coupled with chemically or radioacti-
vely toxic compounds, or with such compounds which can be activated
by chemical or physical means, destruction of cells in the brain
tumor area can be much more selective in sparing normal cells than
hitherto possible, In addition, if circulating antibody to brain
tumor antigen 10B can be detected in human serum, a further dia-
gnostic procedure may become available,

The growth of ependymoma-glioma tumors subcutaneoulsy in the
mouse provides the opportunity to study a brain tumor growing out-
side the nervous system, and at the same time to study the chemis-
try of the essentially normal brain (and other organs) in the same
animal able to be influenced by the subcutaneously growing brain
tumor, The decrease in protein-bound hexose of brain under these
conditions suggests the influence of a diffusable factor from the
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distant brain tumor. As pointed out in the introduction, this factor
may be responsible for the induction of a precancerous or early
cancerous change in normal cells,

The concentration of total protein-bound hexose in brain under
the influence of distant tumor is in agreement with the data ob-
tained for human brain tumors, It is also in general agreement with
the previous observations that the concentration of protein-bound
hexose in brain is greater : (a) the more complex the anatomical
structure of the brain, (b) the more ordered the chemical struc-
ture, as in membranes opposed to cytoplasmic cell constituents,
and (c) the more complex or active the functional state of the ani-
mal (4,5), Thus, the greater the "experiential" or environmental
informational content or activity of a given structure or function,
the greater the concentration of protein-bound hexose, The training
brain cell, with relatively high experiential informational content,
contains more protein-bound hexose (4). The tumor cell, with rela-
tively low experiential informational content, but high "genetic"
activity, contains less protein-bound hexose.

This relationship may be generalized to the proposition that
I have made that when DNA and cell replication functions are stimu-
lated, as in tumors, normal mucoid biosynthesis is inhibited (8),

During normal morphogenesis of brain, DNA and cell division
would be more active at one stage, and mucoid biosynthesis for
specific interneuronal connections would be more active at another
stage (4). ’

This postulated inverse relationship of mucoid-contact functi-
ons to DNA replication could account for the cessation of DNA syn-
thesis in retinal ganglion cells observed to be correlated with
the time of specification of their central connections (17). The
theory would also be consistant with the reported relationship of
malignancy to loss of contact inhibition (20), if contact recogni-
tion is indeed a function of mucoids, This cell surface difference
in malignancy has been related to the presence of an agglutinin
with specificity for the N-acetylglucosamine determinant (14), If
nucleic acid bases, uridine and cytidine, were available either
for nucleic acid synthesis or for transferase activity for mucoid
synthesis, but not for both simultaneously, then a control me-
chanism would be at hand for determining which of the two cell
functions (replication or contact positioning) occured,

Summary
1, The isolation and properties of brain glycoprotein 10B

are described, 10B is increased in concentration in glial tumors
in humans and animals, but its hexose content is reduced.
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2, Specific antibodies to 10B have been prepared, The in situ
10B antigen is only available for staining by antibody immunofluo-
rescence when the astrocytic glia are in the '"reactive" state as
when around glial brain tumors,

3. When ependymoma-glioma tumors are grown subcutaneously in
the mouse at a distance from the brain of the animal, changes in
the brain glycoproteins can be detected, suggesting the presence of
a Distance Factor (DF) which may be responsible for the induction
of cancerous changes in distant cells, Individual 10B antigens are
now being isolated from individual human brain tumor and surroun-
ding tissue specimens, and antisera prepared to test the diagnos-
tic and therapeutic potential of the availability of specific anti-
body to this specific brain tumor cell antigen,

4, 10B concentration is increased during one phase of training
in the pigeon, 14C—glucose is incorporated more rapidly into 10B
during training than during resting, During one hour of training,
10B and other brain glycoproteins are labelled at different times,

5. Carbohydrate moieties of glycoproteins of brain cells and
tumor cells have been isolated and compared by thin-layer chromato-

graphy.

6. The "Sign-Post" theory (4) of brain glycoprotein function
is supported. In addition, recent evidence has led to the exten-
sion of the concept to the proposal that mucoid biosynthesis is
inversely related to DNA replication. That is, DNA and cell divi-
sion are inhibited during cell positioning and the formation of
inter-cell contacts (the proposed glycoprotein Sign-Post "experi-
ential" function), and mucoid biosynthesis is inhibited when DNA
and cell division (the genetic function) is active.
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In the few years since the isolation of the subunit protein of
microtubules (1, 2, 23, 26) work on its chemistry, localization and
metabolism has proceeded at a feverish pace. In their initial stu-
dies Taylor and his co-workers noted exceptionally high levels of
colchicine-binding activity in brain homogenates and in axoplasm.
Weisenberg, Borisy and Taylor (31) developed a simple procedure for
the purification of the microtubule subunits (tubulin) from brain
enabling investigators to use large quantities of highly purified
protein for biochemical studies. Studies on metabolism and distri-
bution of tubulin in brain were aided by the observation that vin-
blastine quantitatively and selectively precipitated tubulin from
100,000 g supernatants of brain homogenates (17, 18, 32).

Colchicine binding and vinblastine precipitation techniques
have been utilized in a number of laboratories to study tubulin and
the role of microtubules in neuronal function. Since this work has
been extensively reviewed elsewhere (25) we shall confine ourselves
to a few newer and provocative observations from our own laboratory.

Before presenting our observations it is useful to review
briefly some chemical properties of tubulin. Tubulin from brain,
like tubulin from a number of other cytoplasmic sources, is a dimer
with a sedimentation velocity of 6S and is composed of monomers
of molecular weight of approximately 55,000 each. On disc gel elec-
trophoresis the monomers may be separated and amino acid compositi-
ons (3) and peptide maps (9) of the two species show small dissi-
milarities. It is most tempting to interpret this data as showing
non-identity of tubulin monomers but the possibility of two dis-—
tinct tubulin species in brain has not been ruled out (19). Tubulin
is capable of binding one mole of colchicine per dimer (2) and has

55
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one mole of tightly bound and one mole of readily exchangable gua-

nine nucleotide per dimer (31). Perhaps the most striking thing about
tubulin in brain is the quantities which are present and the rapidity
with which it is turned over. Tubulin accounts for at least 15 per-
cent of the soluble protein of mouse brain (6) and 28 percent of the
soluble protein of isolated synaptosomes (8). Tryptic peptide maps show
that tubulin obtained from synaptosomes is similar if not identical

to tubulin from the soluble supernatant of whole brain. After a

single intracerebral injection of leucine-3H, tubulin turns over with

a half-life of 4-5 days.

In view of the large quantity of tubulin present in brain and
its rapid turnover, one is curious about its potential function.
One function often proposed is cytoskeletal. To be sure, neurons
must preserve great asymmetry and a skeleton of microtubules could
be of use. However, it seems unlikely that so much rapidly turning
over protein would be required for this function alone. A second
function often proposed is some part of the motile mechanism in
axoplasmic transport. Numerous studies have demonstrated (for re-
view see Ref. 25) blockade of axoplasmic flow by the drugs colchi-
cine and vinblastine. Other studies have shown the transport of

tubulin itself as a major component of the slowly transported phase
(8, 28).

Side arms on axonal microtubules (10) and cross bridges be-
tween microtubules and synaptic vesicles (14) and the association
between tubules and mitochondria in the axon (21) have also been
reported. One possible mechanism would have the "arms" on the tubule
function as the motile element moving particles and organelles down
the axon. The actual role of microtubules in axoplasmic flow re-
mains a mystery.

Phosphorylation and Glycosylation

The recent observations that endocrine release functions from
pancreas (15), adrenal (20) and thyroid (33) were blocked by colchi-
cine and vinblastine, led Rasmussen and his associates to an inves-
tigation of cAMP stimulated phosphorylation of tubulin as a possible
step in this mechanism (11). Their observation of cAMP stimulated,
kinase-dependent phosphorylation of tubulin in vitro is interesting
but has not been demonstrable in vivo (6). -

A second type of modification reaction which might play a role
in secretory events is glycosylation. Feit has demonstrated incor-
poration of glucosamine-3H into the protein as both glucosamine and
galactosamine. Reducing sugars have been reported as being present
at concentrations of 1-2 percent (5, 11). Total hexosamine concen-
tration is about 1 percent and fucose, glucose, galactose, and
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Fig. 1. Comparison of the electrophoretic pattern of nerve-ending
ghosts (1) and synaptic vesicles (3).Discontinuous urea-SDS poly-
acrylamide gel electrophoresis, Nerve endings were isolated from

34 adult mice, homogenized in water with a Dounce homogenizer fitted
with a tight pestle, frozen, thawed and rehomogenized. The homo-
genized nerve endings were centrifuged at 100,000 g for 1 h and so-
luble components were removed, The particulate fraction was resus-
pended in water and centrifuged through a discontinuous sucrose
gradient that contained equal volumes of 0,4 M and 1.2 M sucrose,
The fractions that appeared on the 0.0 M - 0.4 M interface (vesicles)
and on the 0.4 M - 1.2 M interface (ghosts) were used for these
gels, The gels were stained with amido schwartz, The positions of
the x and y subunits of tubulin are indicated. (1) Nerve-ending
ghosts, (2) Ghosts to which WS-tubulin was added. (3) Synaptic
vesicles., (4) Synaptic vesicles to which WS-tubulin was added.
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sialic acid are associated with the protein (Margolis, Margolis
and Shelanski, unpublished observations),

Tubulin has a limited ability to hydrolyze GTP with the liber-
ation of Pi, Preliminary studies indicate that 2-3 moles of Pi is
liberated per mole protein per hour at 37° in the presence of ex-
cess GTP, The mechanism or specificity of this reaction remains to
be established, however, it is interesting that GMPPCP, the non-
hydrolyzable analog of GIP,has been observed to inhibit vinblastine
precipitation of tubulin and to stabilize colchicine binding acti-
vity (Ventilla, M,, personal communication).

Tubulin and Insoluble Colchicine-Binding Activity

While over 90 percent of the colchicine binding activity in
KB cells is soluble (1) and similar distribution of binding acti-
vity is seen in other cells and tissues, brain is an apparent ex-
ception, In brain almost half of the colchicine binding activity is
particulate (7). This activity is localized to microsomal and sy-
naptosomal membrane fractions (7, 16), The characteristics of the
membrane associated binding site were similar to those of soluble
tubulin but attempts to solubilize the membrane receptor with col-
chicine-binding activity intact failed because all treatments which
released appreciable amounts of protein from the membrane destroyed
both membrane-associated and soluble colchicine binding activity,
Thus, attempts were made to visualize protein in the membrane which
co-migrated with soluble tubulin on gel electrophoresis, It was
found that in synaptosomal membranes there was a tight double band
of protein which co-migrated exactly with the doublet from purified
tubulin (8). Furthermore, comparison of membrane fractions having
colchicine binding activity with those lacking colchicine-binding
activity showed the tubulin doublet in the former but not in the
latter,

In contrast to the membrane fractions, synaptic vesicles showed
only very faint bands co-migrating with tubulin (Fig, 1) and these
became fainter as the purity of vesicle fractions increased.

Amino Acid Composition after Preparative Gel Electrophoresis

Samples of WS-tubulin and NEP from 3-7 day-old mice were run
on the discontinuous SDS-urea gel system and the corresponding x
and y subunit bands were cut out of fixed, stained (amido black)
gels, The protein was eluted from the gel slices by an electropho-
retic technique (9) using 0.1 percent SDS in 0.1 M phosphate buffer
pH 7.0, The eluted protein was concentrated by vacuum dialysis and
at least 50 volumes of water were passed through each protein so-
lution to remove some, but not all, of the SDS and residual stain,
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The dialyzed protein solutions were diluted with an equal volume

of concentrated HCl and hydrolyzed at 110° for 24 hours in sealed,
evacuated tubes., After hydrolysis, the samples were dried under a
stream of nitrogen. The amino acid composition of each sample, ex-
pressed as moles percent recovered, is shown in Table I, The com-
positions agree in a general way except for the low values for
threonine and serine in the presumptive tubulin subunits from the
NEP (nerve ending particulate) material, If the values for threo-
nine and serine in the WS-tubulin subunits are used to recalculate
the composition of NEP, and NEPy, the agreement between the amino
acid compositions of the corresponding subunits improves. This re-
calculation is probably justified because a new peak was present in
the NEP, and NEP,, analysis that was not present in the WS-tubulin

x and y analysis’ (Fig. 2). This peak elutes in a position that would
correspond to an acidic derivative of either threonine or serine,
perhaps pyruvate, However, no direct evidence for a relation be-
tween the new peak and the loss of threonine and serine is available,

TABLE I

Amino Acid Compositions after Preparative Gel Electrophoresis
(In moles % recovered)

Tubulin NEP Recal- Tubulin NEP Recal-
subunit culated subunit culated
X b4 NEPx y vy NEPy
Lys 4,40 5.20 9.41 4,75 5.41 8.62
His 2.32 2,74 2,53 2.15 2.43 2.22
Arg 4,21 4,00 4,23 4,80 4,82 4,99
Asp 8.63 9,47 8.73 9.42 9.21 8.44
Thrl 2.49 0.66 (2.49) 4.09 0.36 (4,10)
Ser 2.84 0.80 (2.84) 5.92 0.52 (5.92)
Glu 11.76 12,50 11.53 12.02 12,09 11.08
Pro 4,14 4,28 3.95 4,30 4,68 4,28
Gly 14,35t 14,767 13,61t 13,53t 12,907 11.82%
Ala 7.31 8.21 7.57 6.64 7.9 7.27
Cysz - - - - - -
Val 8.37 8.97 8.27 7.56 8.25 7.56
Met 1.19 1.69 1.56 1.60 1.75 1.60
Iso 4,61 5.04 4,65 4.51 4,93 4,51
Leu 8.07 8.02 7.40 8.29 9.05 8.29
Tyr 0.30 0 0 0 0 0
Phe 3.98 2,60 2,40 3.78 4,08 3.78

*Not reliable, may contain some glycine from electrophoresis buffers,
IThr and Ser not corrected for hydrolytic destruction. 2Carboxy-
methyl cysteine not determined,
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Fig. 2. Amino acid analysis of tubulin subunits, The x and y sub-
units of WS~-tubulin and the corresponding subunits in the NEP frac-
tions were isolated by preparative polyacrylamide gel electropho-
resis and analyzed on a Jeolco 5AH amino acid analyzer with a two-
column methodology. A portion of the chromatogram for each subunit
has been traced to qualitatively illustrate the loss of threonine
and serine residues and the appearance of a new compound (arrow) in
NEPx and NEP,,, The new compound appeared 40 min after the start of
the elution of the long column,
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This experiment suggests that in becoming associated with the
membrane, tubulin undergoes extensive modification of its threo-
nine and serine residues. Two such well-known reactions of serine
or threonine are glycosylation or phosphorylation. Serine or threo-
nine residues with O-glycosidic bonds undergo a B-elimination re-
action under alkaline conditions to form the corresponding a—B-un-
saturated amino acid (12). Our samples were reduced and alkylated
at pH 8.8. However, the elimination reaction is probably not spe-
cific for glycosidic leaving groups. Studies with model compounds
have employed a variety of leaving groups, including di-O-phenyl-
phosphoryl and toluene-p-sulphonyl (12). After B-elimination, the
corresponding a-B-unsaturated amino acid residues are very labile
to either mild acid or base, and the double bond could undergo ad-
dition reactions. Such residues may be converted by treatment with
sodium borohydride to alanine and a-aminobutyric acid (12). If
after treatment of the NEP material with sodium borohydride, there
were an increase in alanine and the appearance of a—aminobutyric
acid in the amino acid composition, this would constitute additio-
nal evidence for modification of threonine and serine residues.
However, we found that after treatment with 0.1 N NaOH and 0.3 M
sodium borohydride, tubulin was extensively degraded. This preclu-—
ded the possibility of doing the experiment by treating the parti-
culate fraction with sodium borohydride before isolating the pre-
sumptive tubulin.

Current attempts to isolate the presumptive tubulin from nerve
ending ghosts and compare it to soluble tubulin by cyanogen bromide
peptide mapping methods may shed more light on these observationms.

Solubilization Experiments

Although conditions for the solubilization 6f particulate col-
chicine-binding activity have not been found, the material presen-—
ted below suggests that this activity was not due to adsorption or
entrapment of soluble tubulin. Two experimental approaches were
used. In some experiments, solubilization of the colchicine-binding
material in washed, whole particulate fractions of brain was attemp-
ted using colchicine-binding as the assay. The criterion for solu-
bilization used in these experiments was the loss of particulate
activity with the concomitant appearance of soluble activity. In
other experiments, the NEP fraction was exposed to various condi-
tions (which might destroy colchicine-binding activity) and the
solubilized (100,000 g supernatant) material and the remaining ma-
terial were analysed by gel electrophoresis on the discontinuous
SDS-urea gel system.

Ionic strength. — Increased ionic strength reduces the effec—
tiveness of ionic binding. Particulate colchicine-binding activity
was not extracted by 0.6 KCl nor was it lost from the particulate




62 M.L. SHELANSKI et al.

fraction, 2 M KC1 removed only a small fraction of the material
with the same electrophoretic mobility as tubulin in the NEP frac-
tion.

Detergents. - A variety of detergents were screened for their
effect on the colchicine-binding assay, The whole soluble fraction
was made 0,1 % in either Brij 35, NP40O, Triton X-100, Sarkosyl,
digitonin, Tween, SDS, or sodium deoxycholate, and colchicine-bin-
ding activity was measured, Triton, Tween and sarkosyl caused less
than a 20 percent decrease in colchicine binding. However, when a
homogenate was made and aliquots of this homogenate were removed
and rehomogenized in the presence of 0.1 percent Triton, Tween or
sarkosyl, colchicine-binding activity was diminished by at least
70 percent in both the supernatant and particulate fraction when
compared to non-detergent treated material. It is possible that
these detergents released a factor, proteolytic or otherwise,which
destroyed colchicine-binding activity, If washed particulate frac-
tions were extracted with 0.1 percent Triton, a factor with col-
chicine-binding activity was released, but there was no concomitant
decrease in the specific activity of the remaining particulate ma-
terial. Moreover, if the colchicine was first incubated with the
particulate material before treatment with Triton, the detergent
did not extract the bound colchicine, Triton removed only a small
fraction of the material with the same electrophoretic mobility as
tubulin from the NEP fraction,

EDTA. - This agent has been used to solubilize the central pair
of microtubules of sea urchin sperm tails (26), After soluble and
particulate fractions were dialyzed against 1 mM-EDTA at 4° for
1 h, the fractions retained 45 percent and 34 percent respectively,
of their initial colchicine-binding activity, If these fractions
were then dialyzed against 20 mM-MgCly for 1 h at 4°,the soluble
material had 55 percent of its initial activity,and 98 percent of
the original particulate binding activity was recovered in the high
speed pellet from the dialyzed particulate material ; no soluble
colchicine-binding factor was released., EDTA was also not very ef-
fective in removing the presumptive tubulin from the NEP fraction,

Trypsin. - Treatment with low concentrations of trypsin is be-
lieved to remove protein from the surface of membranes. Treatment
of the NEP fraction with trypsin (30 microgram /ml, 2 h, 30°) failed
to solubilize the material which had the same electrophoretic mobi-
lity as tubulin in this fraction,.

Disulfide bonds., - The possibility that the tubulin was asso-
ciated with the membrane through disulfide bonds was considered.
Treatment of the NEP fraction with 0.1 M mercaptoethanol for 2 h
at room temperature was no better than treatment with water in re-
moving the presumptive tubulin from the NEP fraction,
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pH. - In sea urchin sperm tails,the outer doublet microtubules
are composed of two closely related proteins with very different
solubility characteristics (29)., Thus, B-tubulin is soluble at neu-
tral pH whereas A-tubulin is almost insoluble at this pH., Although
it is not known if brain has species of tubulin comparable to A-
and B-tubulin, this possibility was considered. Above pH 8.0, col-
chicine-binding activity was irreversibly destroyed. Wilson (34)
also observed irreversible destruction of colchicine-binding acti-
vity above pH 8.0, It thus could not be ascertained, using the
colchicine-binding assay, if the particulate activity corresponds
to a tubulin with the solubility characteristics of A-tubulin,How-
ever, strong base (at least 0,025 N NaOH, 0°, overnight) was very
effective in solubilizing the NEP fraction.An attempt is being made
to isolate tubulin from the base-treated NEP fraction. The fact
that base dissociates this membrane fraction is consistent with the
other evidence for the involvement of serine or threonine residues
in O-glycosidic or similar bonds when protein is associated with
the membrane,

The solubilization experiments suggested a '"tight'" association
of the colchicine-binding material with the particulate site. In-
terfering with ionic,hydrophobic, disulfide, or divalent cation-
stabilized bonds was in each case not a sufficient condition for
the effective release of tubulin or tubulin-like material from its
particulate site. These experiments made unlikely the possibility
that particulate colchicine-binding activity was caused by non-
specific adsorption of tubulin. Further evidence against this pos-
sibility was the failure to detect significant cross-contamination
between the soluble and particulate fractions when particulate
fractions were prepared from homogenates that contained previously
labelled soluble protein., Also, testis and neuroblastoma cells each
had high levels of soluble colchicine-binding activity and low le-
vels of particulate colchicine-binding activity. In brain, the par-
ticulate activity was associated specifically with certain membrane
components and not others, And finally, amino acid analysis of the
proteins from the NEP fraction which presumably were related to the
colchicine-binding activity of this fraction, suggested that these
proteins were not identical with tubulin but were possibly derived
from it through modification of threonine and serine residues,Final
clarification of the relation between soluble and particulate
colchicine-binding activity awaits a suitable peptide mapping ex-
periment,

The results on particulate colchicine binding presented above
are provocative but by no means conclusive, One might imagine syn-
thesis of tubulin in the cell soma, transport to the ending and
membrane-association as having some role in neurosecretory events,.
Rasmussen (22) has proposed such a schema involving both tubules
and a contractile releasing mechanism, His specific proposal of a
tubulin-synaptic vesicle complex is not supported by our observations
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Fig, 3. Electron micrograph of purified, isolated axonal neuro-
filaments, Filaments are 90 A in diameter.
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but this does not diminish the general attractiveness of his model.
Recently, Thoa et al. (30) have demonstrated that colchicine and
vinblastine as well as cytochalasin, inhibit the release of norepi-
nephrine and dopamine-B-hydroxylase in response to stimulation but
have no effect on passive release. It is possible that a membrane
associated tubulin-like protein might mediate such effects. Against
this is the lack of significant particulate colchicine binding acti-~
vity in adrenal, pancreatic islets or the thyroid. Nonetheless, the
effects in nerve are more rapid and might depend on receptor loca-
lization and concentration.

Neurofilaments

A protein subunit has been purified from the axoplasm of the
squid by Huneeus and Davison (13). The protein obtained had a mo-
lecular weight of approximately 70,000 and lacks colchicine and
nucleotide binding. More recently we have developed a procedure for
the isolation of neurofilaments from mammalian brain. One of the
major obstacles to this purification was an initial difficulty in
ascertaining the neuronal origin of the filaments. This difficulty
was circumvented by first using the method of DeVries and Norton
(4) to float myelinated axons free of other materials and then
fractionating the axons to obtain neurofilaments. The filament ob-
tained is insoluble in 0.6 M KCl and dissolves readily in 0.1 per-
cent sodium dodecylsulfate and in 4 M urea (24). The subunit has
a molecular weight of 60,000 and migrates with or slightly behind
the more slowly moving of the two tubulin subunits. This protein
differs considerably from the squid filament protein but specific
similarities and differences have not been explored. No colchicine
or nucleotide binding was demonstrable in the isolated filaments.
These filaments (Fig. 3) have a diameter of 90 - 100 & and should
not be confused with 50 & microfilaments which may be related to
the muscle protein actin.

Summary

In this talk we have attempted to present a number of new and
sometimes controversial observations from our laboratory in the
hope that they may serve as an impetus to further work on the che-
mistry and function of tubules and filaments in brain. It seems
clear that the bulk of this work still lies ahead.
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MEMBRANE PROTEINS OF CATECHOLAMINE-STORING VESICLES IN ADRENAL

MEDULLA AND SYMPATHETIC NERVES
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H.PLATTNERHH

University of Innsbruck, tDepartment of Pharmacology,
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Microscopy - 6020 Innsbruck (Austria)

The hormones of the adrenal medulla are stored in a specia-
lized cell particle, the chromaffin granule. Since these organelles
can be easily isolated, their biochemical characterisation is al-
ready well advanced (see Ref, 26)., Less is known about the bioche-
mical properties of the catecholamine-storing vesicles of sympathe-
tic nerve (see Ref, 21)., It has, however, already been shown that
the vesicles of splenic nerve have two proteins in common with the
medullary granules., One of these proteins, which has been called
chromogranin A (5, 25), was first isolated from the soluble lysate
of chromaffin granules (10, 29, 30). Its presence in the vesicles
of bovine splenic nerve has been shown by immunological methods
(3, 6, 9, 15). A second protein, common to both storage organelles,
is the enzyme dopamine B -hydroxylase (6, 16, 21), It would not be
surprising if the synaptic vesicles isolated from brain also have
properties similar to those of the catecholamine storing vesicles
of the peripheral tissues, Thus, results obtained on these catecho-
lamine storing organelles might help to elucidate the biochemical
and functional properties of the complex mixture of isolated synap-
tic vesicles which store several transmitters, only one of them
being noradrenaline.

The present report deals mainly with the membrane proteins of
the chromaffin granules in the adrenal medulla., These proteins have
recently been named chromomembrins (34) in order to distinguish
them from the soluble granule proteins, the so-called chromogranins.
Some results on the membrane proteins of catecholamine storing
vesicles of sympathetic nerve are also reported.
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Fig, 1, Electron micrographs of chromaffin granules isolated ac-
cording to Smith and Winkler (29). Fixation : glutaraldehyde fol-
lowed by osmium tetroxide ; alkaline lead citrate stain., (a) Survey
picture demonstrating the purity of the fraction, (b) Chromaffin
granules at higher magnification, Areas, where the unit membranes
show up in cross section, are indicated by arrows. (c) High re-
solution electron micrograph of the granule membrane demonstrating
the unit membrane structure,
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Fig. 2. Electron micrographs of membranes from chromaffin granules
isolated according to Winkler et al., (35), Fixation and staining
as in Fig. 1. (a) Survey picture demonstrating the absence of in-
tact granules. (b) Higher magnification of the membrane fractionms.
Arrows point to regions where the unit membrane is cross section-
ned, (c) High resolution electron micrograph of the isolated mem-
branes,
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The Isolation and Composition of Membranes from Chromaffin Granules

When isolated chromaffin granules (see Fig.l.) are resuspended
in hypotonic buffer, the granules are lysed. Centrifugation of the
suspension yields a sediment which consists mainly of the granule
membranes. The catecholamines, the ATP and about 75 percent of the
proteins, the chromogranins, remain in the supernatant (14), These
constituents apparently make up the content of the granules,which
can be seen in electron micrographs (Fig.l). The morphological ap-
pearance of the membrane pellet is characterized by the presence of
bits and pieces of membranes, Intact granules could not be observed
(Fig, 2),

The composition of the granule membranes which have been puri-
fied by several washing steps is given in Table 1, Main constituents
are lipids and proteins, Only small amounts (see Table I) of chromo-
granin A contaminate the membrane preparation when purified as des-
cribed by Winkler et al, (35). Three enzymes are found in the gra-
nule membranes, a Mg2T activated ATPase (2,13,19), dopamine-g-hy-
droxylase (18,20,24) and a cytochrome (2,17) which has been classi-
fied either as a cytochrome b-559 (2,17) or as a cytochrome b-561

(8).
TABLE I

Composition of Membranes of Chromaffin Granules

Protein 1 mg
Lipid P 2.4 umol
Cholesterol 1,66 umol
Mg2+-ATPase 1.8 umol/h
Dopamine-g-hydroxylase 0.012 wumol/h
Cytochrome b-559 0.46 (E4s)
Chromogranin A 0.04 mg

The data of this table are taken from Winkler et al, (35),

The possibility of a clear-cut separation of the membranes
(containing the lipids) from the content of the granules has recen-
tly been questioned by Mylroie and Kénig (23). These authors found
that under their experimental conditions up to 80 percent of the
lipids could be recovered as "soluble lipoproteins'", the protein
moiety of which was considered to be made up of the chromogranins,
It was suggested that the freeze-thawing procedure used by Winkler
et al, (35) in the purification of the membranes led to a delipi-
dation of the chromogranins with the consequence that the lipids
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were rendered insoluble, However, Mylroie and Kdnig (23) routinely
used Triton X-100 and ultrasonication in their procedure both of
which are known to solubilize membranes, Some experiments were per-
formed without ultrasonication or without the use of Triton but it
is not clear from their paper whether both procedures were omitted
together, Furthermore, their definition of solubility is uncertain
since it is only stated that the granule suspensions were centri-
fuged for 30 min, but not with what centrifugal force. We therefore
reinvestigated the isolation procedure for granule membranes, A
sediment of isolated (29) chromaffin granules (corresponding to

3 g original tissue) was resuspended in 5 ml 0,001 M EDTA (pH 7.2;
see Ref.23) for one hour in ice. Then the suspension was centrifuged
for 180,000 g for 30 or 60 min, With both centrifugation times 76
percent of the protein were found in the supernatant, The '"solubi-
lity" of the lipids varied. After 30 min centrifugation 13,3 per-
cent of the lipids remained in the supernatant, after 60 min only
1.3 percent. Thus, the lipids are quantitatively sedimented if

high centrifugal forces are used and if membrane solubilizing pro-
cedures are omitted, It seems likely that the very small amounts

of lipids which are not sedimented are due to small, very light
membrane bits.

Characterization of Membrane Proteins of Chromaffin Granules
by Polyacrylamide Gel Electrophoresis

A resolution of the membrane protein has been achieved with
polyacrylamide gel electrophoresis (16, 35), Membranes of chromaf-
fin granules were either solubilized in sodium dodecylsulphate or
in phenol-acetic acid-urea and then subjected to disc electropho-
resis, Figure 3 gives a schematic drawing of the electrophoretic
behaviour of the solubilized membranes in two different buffer sys-
tems, Such a pattern can only be achieved when detergents or phenol/
urea are present in the gels during electrophoresis, It is, there-
fore, not surprising that Helle (11) did not obtain a comparable
pattern since no detergent was present in the gels although the
membranes were solubilized in Triton X-100,

The two main proteins present in the membranes of bovine chro-
maffin granules (Fig, 3) have been named chromomembrin A and B,
Similar or identical components could be demonstrated in the chro-
maffin granule membranes of pig, horse and man (16). Chromomembrin B
which migrates fast in the alkaline buffer sustem (Fig. 3a) remains
near the origin in the acid system (Fig. 3b), This behaviour might
be taken as an indication that this component is present in the
acid system in a more expanded form, However, even when the gel
concentration is reduced, chromomembrin B stays near the origin
whereas the other proteins migrate, as to be expected, faster
(Fig. 3c)., We suggest, therefore, that chromomembrin B after having
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Fig, 3. Polyacrylamide disc electrophoresis of membranes of bovine
granules (for methods see Ref, 35), (a) Membranes were dissolved
in alkaline sodium dodecyl sulphate, and the gel contained sodium
dodecylsulphate, The direction of migration was from the bottom to
the top, which was the anode. (b) and (c) Membranes were dissolved
in phenol -acetic acid- urea and applied to gels equilibrated with
the solvent, The direction of migration was from the bottom to the
top, which was the cathode. The gel concentration in (b) was 5.5 %
in (c¢) 3.5 %. Chm., = chromomembrin ; Chg = chromogranin ;_Cyt. =
cytochrome ; Phl = phospholipids,

entered the gel becomes for unknown reasons insoluble and, there-
fore, stays near the origin, regardless of the pore size of the gel,

A third protein band, which stains relatively strongly, mi-
grates to the same position as chromogranin A, the major protein
of the soluble granule proteins, Immunological analysis (35) indi-
cated that chromogranin A contributes only 4 % to the total pro-
teins of the membrane preparation. It has been suggested that this
protein stains relatively strongly due to its acidic nature, and,
therefore, gives a very distinct band in the electrophoretic pat-
tern, This small amount of chromogranin found in the membrane frac-
tion is likely to represent some residual soluble material adhering
to the membranes,

An electrophoretic analysis of the membranes of other orga-
nelles from bovine adrenal medulla was also performed (36), It
could be shown that the electrophoretic pattern obtained from
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mitochondrial and microsomal membranes was completely different
from that of the granule membranes, The conclusion was, therefore,
put forward that chromomembrin A and B are specifically localized
in chromaffin granules,

The Isolation of Membrane Proteins of Bovine Chromaffin Granules

A preparative separation of the membrane constituents could
be achieved with Sephadex-chromatography in the presence of sodium
dodecyl sulphate (16) (see Fig.4, for a typical elution pattern).
Under these conditions the lipids were separated from the proteins
and eluted as one peak, Chromomembrin A and chromomembrin B were
well purified., Their amino acid composition resembled that of the
total proteins of the isolated membranes but was completely dif-
ferent from that of the chromogranins (16),

It has been pointed out above that Winkler et al, (35) found
only small amounts of chromogranin A associated with the membranes.
Helle and Serck-Hansen(12), on the other hand, concluded from im-
munological experiments (double diffusion technique) that chromo-
granin A was a major component of the membranes, representing 75
percent of the proteins, However, the amino acid composition of the
membrane proteins (13,9 % glutamic acid) reported by Helle and
Serck-Hansen (12) already excluded such a high content of chromo-
granin A (26 % glutamic acid) in the membrane., Assuming that the
other membrane proteins were devoid of glutamic acid, chromogranin A
could make up 50 percent of the total proteins (12)., However, the
results reported above clearly show that the main membrane proteins
contain about as much glutamic acid as the total membrane proteins,
The membrane fraction can, therefore, contain only a small amount
of chromogranin A, which is in agreement with the immunological
studies (microcomplement fixation) of Winkler et al, (35).

Cytochrome b-559 could be identified in the eluates from the
Sephadex columns by its specific absorption peak around 410 mu
(Ref,2). It is eluted (Fig, 4.) together with the phospholipids, A
minor protein band has been demonstrated in these fractions by
electrophoresis (16).

The enzyme ATPase and dopamine-B-hydroxylase were both inacti-
vated by sodium dodecylsulphate, Therefore, different procedures
had to be tried to characterize these enzymes, About 50 percent of
the dopamine- B~-hydroxylase activity present in chromaffin granules
becomes soluble when the granules are lysed (4, 33, 35), It is not
yet known whether this soluble enzyme and the membrane bound enzyme
are identical., Recently, we discovered a rapid method to isolate
this enzyme from the soluble lysate of chromaffin granules (H8rtnagl
and Winkler, unpublished results). When N-cetylpyridiniumchloride



76 H. WINKLER et al.

0D.280mp ! 3 0.D.402mp
Oé4r l l 10.2
03
02 101
2
or v
! |
100 150 200 250 300 350

m! eluate

Fig, 4, Elution pattern of solubilized membranes (chromaffin gra-
nules) from Sephadex G-200 (16), The buffer used for elution con-
tained sodium dodecylsulphate (1 %, w/v), Peak 1 contains mainly
chromomembrin A, peak 2 chromomembrin B, The lipids are eluted in
peak 3, The elution of cytochrome b-559 is indicated by the extinc-
tion readings at 402 myu (uncorrected wavelength).

= = extinction 280 my; @ @extinction 402 my,

(0.5 mg/mg protein) is added to the dialysed soluble proteins, an
immediate precipitation of protein occurs. It was found that only
a few percent of the total proteins, but about 70 percent of the
dopamine-g ~hydroxylase activity, remained in the supernatant,Elec-
trophoresis of the supernatant revealed the presence of only that
minor component of the chromogranins which migrates slower than
chromogranin A (31) in disc electrophoresis, This component has
been shown to be the enzyme dopamine-Bf-~hydroxylase by direct ana-
lysis of portions of gels following electrophoresis (27) which is
confirmed by the present results, Thus, this newly discovered pre-
cipitation method is a simple and quick procedure for isolating
this enzyme, The amino acid composition of dopamine-B-hydroxylase
is very similar to that of the membrane proteins but clearly dif-
ferent from that of the chromogranins, Thus, in the enzyme protein
glutamic acid comprises 15 percent of the total amino acids, where-
as in the chromogranins it comprises 26 percent. In polyacrylamide
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disc electrophoresis the purified enzyme behaves exactly like chro-
momembrin A. These results indicate the interesting possibility that
the major protein component of the granule membranes is an enzyme,
namely dopamine-B-hydroxylase.

Treatment of granule membranes with N-cetylpyridinium chloride
(2.0 mg/mg protein) leads to solubilization of dopamine-R-hydroxy-
lase. About 90 percent of the enzyme remained in the supernatant
when the detergent-treated membranes were centrifuged for 60 min at
145,000 g. The solubilized membranes were fractionated on Sephadex
G-200 columns in the presence of 0.0l percent N-cetylpyridinium-
chloride.Chromomembrin A and dopamine-R-hydroxylase activity were
eluted together. These studies are consistent with the suggestion
that chromomembrin A possesses dopamine—-f-hydroxylase activity.

Immunological Studies with Chromomembrin B

An antiserum was produced against chromomembrin B by injecting
the purified protein into rabbits (l). The antiserum could not be
tested by the double diffusion technique since it proved impossible
to find a concentration of a detergent which solubilized the anti-
gen without interfering with the antigen—antibody reaction. However,
positive reactions were obtained with the indirect immunohistochemi-
cal method (1) and by microcomplement fixation (Winkler and Hortnagl,
unpublished work). Figure 5 gives an example of the immunohistologi-
cal results. The medulla, in this case of horse adrenal, gave a po-
sitive reaction indicated by the fluorescence not observable in con-
trol sections. The cortex does not exhibit a specific fluorescence.
Similar results were obtained in the adrenals of pig, rat and cat.
Positive reactions were also obtained in sections of splenic nerve
which contains mainly sympathetic fibres (1). Confirmation of these
immunohistochemical results was sought by the use of microcomple-
ment fixation (for method see Ref. 25). When isolated membranes of
bovine chromaffin granules were tested, a fixation of complement
could be demonstrated. The lowest amount of total membrane protein
giving a fixation was about 300 ng. Addition of desoxycholate in
various concentrations (up to 4 mg per mg of membrane protein) did
not alter the results. Apparently the antigenic groups of chromo-
membrin B are present on the surface of the granule membranes and
cannot be further exposed by solubilization with a detergent. No
complement fixation occured when the soluble proteins of chromaffin
granules were tested in concentrations up to 50 times higher then
that used for the membrane proteins. Obviously there is not anti-
genic similarity between chromomembrin B and the chromogranins.

Complement fixation is at least a semi-quantitative method.
It was, therefore, possible to measure the relative amounts of
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Fig. 5. Horse adrenal stained immunohistochemically. Cryostat
sections (4 u) were fixed in methanol, incubated with the antisera
against component B and finally treated with fluorescein isothio-
cyanate—labelled goat anti-rabbit serum (Fa. Hyland). The medulla
(M) fluoresces, but the cortex (C) does not. X 350,

TABLE II

Chromomembrin B in the Membranes of Subcellular Fractions
of Bovine Adrenal Medulla

Chr. B DBH Protein
Chrom. Gran. 100 100 100
Mitochondria 10.5 6 100
Microsomes 17.5 17 100

Subcellular fractions of bovine adrenal medulla were obtained as
described by Smith and Winkler (28). The membranes of these frac-
tions were isolated by the method of Winkler et al. (35). Chromo-
membrin B (Chr.B) was measured by micro-complement fixation, pro-
tein by the Biuret method and dopamine-B-hydroxylase (DBH) as des-
cribed previously (16). The values for chromaffin granules and for
protein (membrane) were taken arbitrarily as 100,



CHROMAFFIN GRANULE MEMBRANE PROTEINS 79

chromomembrin B in the various cell fractions of bovine adrenal
medulla. Table II demonstrates that the antigen is specifically
localized in the chromaffin granules. In the mitochondrial and
microsomal fraction it is present in amounts comparable to that of
dopamine—-Bf-hydroxylase. It is known that both these fractions are
slightly contaminated with both intact chromaffin granules and with
membranes of damaged granules. Thus, the immunological results con-
firm the biochemical studies, reported above, demonstrating that
chromomembrin B is not present in the mitochondrial and microsomal
menbranes.

The subcellular fractions of bovine splenic nerve were also
tested for the presence of this chromomembrin. It has been shown
previously that the noradrenaline vesicles can be separated from
microsomal elements by density gradient centrifugation (16). The
distribution of dopamine-f-hydroxylase and that of chromomembrin B
was parallel in the various fractions of the gradient. This con-
firms the immunohistological results, but shows in addition that
chromomembrin B is localized in the catecholamine-storing vesicles.
It seems, therefore, that the membrane of the nerve vesicles may
be quite similar to that of the adrenal medullary granules. It
will be interesting to see whether other hormone and transmitter
storing organelles possess also this membrane protein. Preliminary
results indicate that it is present in the posterior hypophysis,
probably in the hormone storing particles (Hortnagl and Winkler,
unpublished work).

Localization of the Proteins within the Membrane

A knowledge of the sub—membranous localization of these pro-
teins is likely to provide some insight into their functional im-
portance. Unfortunately, only a few results which appear relevant
to this section are available.

A suspension of membranes of chromaffin granules was incubated
together with trypsin or pronase (Hortnagl,Winkler and Smith,un-
published results). The membranes were then sedimented with high
speed centrifugation. Incubation with trypsin (up to 0.5 mg/mg
protein) resulted in the disappearance of up to 40 percent of the
membrane proteins, whereas with pronase (0.5 mg/mg protein) up to
50 percent could be digested. Disc electrophoresis of the membrane
proteins after protease treatment revealed that chromomembrin A and
B were still present. The band corresponding to chromogranin A had
disappeared. A further breakdown of membrane proteins could not be
achieved when intact membranes were used. However, when the mem-
branes were first solubilized in sodium dodecyl sulphate, pronase
digested all proteins as judged by disc electrophoresis. Pronase
treatment of the membranes resulted in a complete loss of ATPase
activity (Smith, Hortnagl and Winkler, unpublished results) which
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might indicate that this enzyme is localized on the surface of the
membranes. The phospholipids, on the other hand, can also be at-
tacked by enzymes, since phospholipase C treatment resulted in the
breakdown of 75 percent of the phospholipids. Similar results have
already been reported for the membranes of erythrocytes (22) and
microsomes (32).

Conclusions

The membrane proteins of chromaffin granules have been charac-
terized. Two main components (chromomembrin A and B) have been iso-
lated. The presence of chromomembrin B in the catecholamine-storing
vesicles of sympathetic nerve could be demonstrated by immunologi-
cal techniques. It will be 1nterest1ng to see whether the membranes
of other hormone and transmitter storing organelles have similar
membrane proteins.
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BIOLOGICAL PROPERTIES OF THE NERVE GROWTH FACTOR

Pietro U. ANGELETTI

Istituto Superiore di Sanitd e Laboratorio di Biologia
Cellulare, Roma (Italy)

While during early developmental stages, both sensory and sym-—
pathetic nerve cells are receptive to the Nerve Growth Factor (NGF)
only the sympathetic neurons retain this prerogative at later
stages and in adult life. These differences between the two types
of nerve cells, already apparent from earlier studies by Levi-
Montalcini in chick embryo, become more evident when the NGF effect
is studied in newborn and adult mice. Neither in newborn nor in
adult mouse does NGF elicit an overgrowth of sensory ganglia ; the
sympathetic ganglia, on the contrary, undergo a dramatic increase
in size (3, 5). When highly purified NGF, the NGF molecule whose
primary structure has been established, is injected in newborn mice
or rats at a dose of 10 ug/g body weight, a progressive enlargement
of all sympathetic ganglia ensues. The size usually reaches 4-5 fold
the normal values after a week or ten days treatment (Fig. 1).Even
more dramatic overgrowth can be obtained by using larger doses of
NGF for longer periods of time (4). From histological examination
the size increase of each ganglion appears to be due to both an in-
crease in cell number and to an increase in cell size (Fig. 2).
Therefore, mitotic activity, as determined between the third and
ninth day after birth, is considerably increased in NGF-treated
mice and rats.

Around 9 days, mitotic activity finishes in sympathetic neu-
rons and in subsequent stages up to the adult life, the NGF only
increases the size of individual neurons, but does not further in-
crease their number. In adult animals, daily injections of NGF (10
ug/g) result in a two-three fold enlargment of the superior cervical
ganglia as well as of all para- and pre-vertebral ganglia ; the
nerve cells are markedly increased in size, with enlarged cytoplasm
and very prominent nucleoli. Upon cessation of the treatment, the

83
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Fig. 1. Sympathetic chain-ganglia from control (C) and NGF-treated
mice (X). Note the marked size increase of each ganglionm,

Fig. 2. Cross-sections of superior cervical ganglia from cervical
ganglia from control (C) and NGF-treated mice (X). Note the size
increase of neurons, while satellite cells are not affected.
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cells gradually return to a normal size within a week period. The
hypertrophic effect induced by the NGF appears therefore to be re-
versible.

Effect of NGF on Catecholamine Metabolism

Following NGF treatment a general increase of synthetic and
oxidative processes is observed in sympathetic ganglia. Recent evi-
dence has been given for a specific stimulation of enzymes involved
in the metabolism of the sympathetic neurotransmitter (7). Newborn
rats were injected for ten days with NGF (10 ug/g body weight). At
the end of the treatment the superior cervical ganglia, from control
and treated rats, were dissected out, weighed and homogenized. Total
proteins, tyrosine hydroxylase, dopamine-R-hydroxylase, dopa-decar-
boxylase and monoamine oxidase, were measured in the extracts. The
results obtained, in collaboration with Dr. H. Thoenen, can be sum-
marized as follows : on a protein basis, the average protein content
per pair of ganglia was 65 * 4 pg in controls and 225 * 10 pug in
NGF treated animals.

The total activity of tyrosine hydroxylase (product formed/h/
pair of ganglia) was increased 18-fold in NGF-treated animals and
dopamine-B-hydroxylase activity was increased 13-fold. Dopa decar-
boxylase and monoamine oxydase activities were increased only to
4.5-fold and 2.5-fold respectively. The ratio between the specific
activity of NGF-treated animals and controls was 5.4 for tyrosine
hydroxylase, 3.6 for dopamine-B-hydroxylase, 1.5 for dopa decarboxy-
lase and 1.2 for monoamine oxidase. The marked increase in the acti-
vity of tyrosine hydroxylase and dopamine-f-hydroxylase was shown
not to be due to direct activation of the enzymes nor to the disap-—
pearance of some inhibitor, but rather to an induction of new enzyme
molecules, stimulated by NGF.

These results are in line with previous findings by Crain et
31.(2) that upon NGF-treatment there is a marked rise in the nor-
adrenaline concentration in sympathetic ganglia.

It appears, therefore, that the NGF does not simply cause an
overgrowth of the receptive nerve cells, but also specifically en-
hances the activity of those enzymes directly involved in the syn-
thesis of noradrenaline.

Localization of NGF in Subcellular Fractions of Peripheral
Tissues by Micro Complement Fixation

The hypothesis that the NGF may play a physiological role, re-
lated with the functional activity of the sympathetic cells, is in-
directly supported by the recent experiments aimed to localize NGF
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in peripheral tissues. It has long been known that aside from the
two richest sources, mouse submaxillary glands and snake venoms,
NGF is also present in other tissues and body fluids (1, 4). The
widespread presence of NGF in various tissue extracts and in blood
has always been determined by the tissue culture method.

Recently we have used micro—-complement fixation as a sensitive
and highly specific method of assay of NGF in various peripheral
tissues of mice and rats. Complement fixation was carried out by
the micromethod of Wasserman and Levine (8). Tissue homogenates from
mice (Swiss Strain) and rats (Wistar) were prepared in isotonic
sucrose containing Mg*+ (0.001 M) and sodium phosphate buffer (pH
7.4) . The homogenates were subjected to differential centrifugation.
The pellet recovered after centrifugation at 100,000 x g for 2 h
was resuspended in sucrose and centrifuged again. After the second
centrifugation the microsomal pellet was resuspended in 0.01 M phos-
phate buffer(pH 7.4) and dialysed overnight against the same buf-
fer. Proteins were measured by the Lowry method using bovine serum
albumin as standard. Fig. 3 shows a micro—complement fixation curve
obtained with purified mouse NGF and its antiserum. As it can be
seen in the first part of the curve (zone of antibody excess) the
percent of complement fixation increases almost linearly with in-
creasing the antigen concentration. The sensitivity of the method
used in the present investigation allowed a reliable assay of NGF
from 2 to 10 mug ; the sensitivity could be further increased almost
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Fig. 3. Complement fixation curves with mouse NGF-antiserum and pu-~
rified NGF, mouse heart microsomal fraction and mouse spleen micro-
somal fraction.
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ten times by using the modification suggested by Moore and Perez
(6). This however proved not to be necessary in the present experi-
ments. Attempts to measure the NGF concentration in crude extracts
of rat or mouse heart, spleen and kidney were not successful because
of the extensive haemolytic and/or anticomplementary effects of the
extracts. Similarly negative results were obtained when micro-com—
plement fixation was carried out with the precipitate at 12,000 x g
resuspended in phosphate buffer.

A completely different picture was observed when NGF was as-
sayed in the microsomal pellets from different peripheral tissues.
In all instances, with mouse tissues, clear cut complement fixation
curves were obtained with a maximum of fixation reaching 85 to 95
percent, as occurs using the pure NGF antigen (Fig. 3). A semi-
quantitative assay of the NGF concentration in the various micro-
somal preparations was then possible by calculating the amount of
protein required to obtain 50 percent complement fixation, both
with the microsomal fraction and with the pure NGF. The results
are shown in table I. As it can be seen, NGF was present in the
microsomal fraction of all mouse tissues examined in relatively

TABLE I

Relative Concentration of NGF in the Microsomal Fractions
of Mouse Tissues, Calculated from the Amount of Protein
Required to Give a 50 7 Complement Fixation with Purified
NGF and with the Microsomal Fraction

Tissue N° Exp. NGF Microsomal NGF
fraction concentration

mug mug mg 7

Heart ) 6 2,400 0.25

2 4.5 3,300 0.14

3 7 1,400 0.50

4 5.4 3,200 0.17

Spleen 1 7 3,500 0.20

2 4.5 3,200 0.14

3 5.4 1,800 0.30

Kidney 1 4.5 3,800 0.12

2 5.4 2,200 0.24

3 6.4 4,500 0.14
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Fig, 4. Complement fixation curves with mouse NGF-antiserum and
purified mouse NGF, rat-heart microsomal fraction and rat-kidney
microsomal fraction,

high concentrations, ranging from 0.1 to 0.5 percent of the total
protein, When the preparations were checked in tissue culture,NGF
activity was also clearly observed. The activity displayed in tis-
sue culture however, was from 10 to 100 times less than expected
from the NGF concentration in the microsomal samples as measured by
complement fixation. In rat tissues NGF was also detected in the
microsomal fractions. Complement fixation curves were run with the
antiserum to mouse NGF, and the maximum complement fixation ne-
ver reached values higher than 60 to 65 percent, This vertical shift
in the C-fixation curve would indicate a cross-reaction between two
similar but not identical NGF molecules in mouse and rat tissues
(Fig. 4).

Table II shows the relative concentration of NGF in rat kidney,
heart and spleen microsomal fractions. The presence of NGF activity
in these rat preparations was confirmed by the tissue culture method
and again it was found that, at corresponding micro-complement fixa-
tion NGF concentrations, the activity of the fractions was about 100
times less than that observed with purified NGF from mouse submaxil-
lary gland.

The results of these experiments confirm the widespread presen-
ce of NGF in several peripheral tissues. The protein appears to be
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TABLE II

NGF Concentration in the Microsomal Fractions from
Rat Tissues, Determined as in Table I

Tissue N° Exp. NGF Microsomal NGF
fraction concentration

myg my g mg %

Heart 1 7 4,600 0.15
2 4,5 6,200 0.075
Kidney 1 7 9,500 0.08
2 4.5 5,200 0.08

Spleen 1 7 6,400 0.1
2 4,5 7,300 0.06

mostly present in a particulate form associated with the microsomal
fraction, The apparent discrepancy between the concentration of NGF
in this fraction as measured immunochemically, and that calculated
from the tissue culture method, could be explained by several alter-
native hypotheses. In its membrane-bound form the NGF could be less
active, or it could be associated with other regulatory proteins
which limit its activity in the "in vitro test" , or its activity
could be inhibited by other molecules present in the microsomal
fraction,

Concluding Remarks

The main biological property of NGF in vivo is the selective
growth stimulation of peripheral sympathetlc system, The effect is
most striking in newborn animals where hyperplastic and hypertro-
phic effects are obtained ; in adult animals only the hypertrophic
effect is elicited, The growth effect is reversible and the nerve
cells return to their normal size upon interruption of the treat-
ment, The results reported above show that the NGF stimulation of
the receptive nerve cells causes a selective induction of those en-
zymes which are rate-limiting in the synthesis of noradrenaline.
Thus, NGF not only stimulates the growth of the receptive nerve
cells but also markedly stimulates their functional activity. The
finding that NGF is present in significant amounts in microsomal
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fractions of various peripheral tissues, suggests the possibility
that under normal conditions it may play a role related to the
function of the sympathetic neurons. Experiments along this line
are now in progress.
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Recent progress with the Nerve Growth Factor (NGF) from the
mouse submaxillary gland has concentrated on the further characteri-
zation of the two major molecular weight forms in which it exists,
namely the 7S NGF complex present in homogenates of the gland and
the smaller basic proteins which may be obtained from the complex
by dissociation. Of the latter, two species, the B subunit isolated
from 7S NGF (21) and 2.5 S NGF, obtained from the complex at an in-
termediate stage in its purification (4) have been investigated in
detail. Such studies are the basis for an examination of structure-
function relationships and for a variety of approaches to determine
the mechanism of action of NGF. Although the morphological effects
of NGF are well described, the sequence of biochemical events under-
lying these phenomena remains obscure.

In the absence of added NGF, explanted chick embryonic sensory
and sympathetic ganglia,or disssociated nerve cells from these gan-
glia,put out very few nerve fibers and degenerate over a 24 hour
period (10). With added NGF at appropriate concentrations, the gan-
glia produce an uniform fibrillar halo and the dissociated nerve
cells survive and produce large numbers of nerve fibers (10, 11).
The incorporation of labelled amino acids or of uridine into the
cultured ganglia shows an abrupt decrease after 6 to 12 h incubation
when NGF is absent, but not when it is present, giving rise to sig-
nificant increases in incorporation in NGF containing cultures over
periods of 22 h (1, 13). Smaller increases in incorporation are
noted during the first few hours of incubation. Whether these re-
flect primary events of NGF interaction with the responsive neurons
or are a consequence of cellular deterioration in the absence of the
growth factor cannot yet be determined (13). Since nearly complete
inhibition of RNA synthesis in sympathetic ganglia does not inhibit
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fiber outgrowth, it follows that the NGF induced increase in RNA
synthesis is not by itself the cause of fiber growth (13). In a re-
cent study, Thoenen et al. (18) have, however, shown that NGF does
affect certain metabolic pathways in adrenergic neurons by selecti-
vely inducing tyrosine hydroxylase and dopamine—B- hydroxylase.

It has been known for some time that insulin in high concen-
trations can stimulate energy metabolism and anabolic processes in
sensory and sympathetic ganglia leading to their preservation in
cultures (1, 12). Insulin does not, however, produce fiber outgrowth.
Two other agents which can, like NGF, induce fiber outgrowth have
recently been described. Roisen et al. (15) have shown that cyclic
AMP or its dibutyryl derivative increases both the number and length
of axons from cultured embryonic chick dorsal root ganglia.The other
substance is concanavalin A, which in relatively high concentrations
compared to NGF, stimulates fiber outgrowth from chick embryonic
ganglia (19). The effect of concanavalin A is inhibited by a-methyl-
mannoside. The further evaluation of the effects of these two sub-
stances compared to those of NGF will be of considerable value.

The Physical and Biological Properties of 7S NGF

The 7S NGF species constitute a family of closely related pro-
tein complexes which may be isolated from extracts of the adult male
mouse sSubmaxillary gland at neutral pH (16,20). Their properties
have been recently reviewed in detail (14,22) and recent work has
been concerned with attempts to understand their physiological sig-
nificance. In two growth factors isolated from the submaxillary
gland, 7S NGF and the epidermal growth factor (EGF), the protein
which elicits specific growth effects is associated with an arginine
esteropeptidase (5,17). In the case of EGF, the EGF protein is re-
latively small (6,400 molecular weight) and acidic, while in 7S NGF,
the NGF protein, or B-NGF subunit, is somewhat larger and basic.

75 NGF also contains a third type of subunit, the o subunit. Several
arginine esteropeptidases are also found in the submaxillary gland
which are not associated with other proteins, but which do appear

to be important in terms of the growth and differentiation of cer-
tain cell types (3,8,9).In spite of their differences in physical

and biological properties, the EGF and B-NGF proteins have one com-
mon characteristic,namely that the single polypeptide chain of EGF
and the two identical chains in B-NGF have C-terminal arginine resi-
dues. Taylor et al. (17) were the first to suggest on the basis of
this data that the EGF protein may be derived from a larger precur-
sor by the selective action of the arginine esteropeptidase.A similar
conclusion can be drawn for B-NGF (see also Ref.2) with one important
distinction. The C-terminal arginine residue in EGF is the only
arginine residue in the protein while this is not so for B-NGF.The
EGF complex, consisting of the EGF and the arginine esteropeptidase
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subunits, retains the full enzymatic activity of the latter while
on the other hand, the 7S NGF complex has very low or no arginine
esteropeptidase activity. It could therefore be argued that a func-
tion of the third o subunit of 7S NGF is ta provide an environment
in the 7S NGF complex for completely inhibiting the esteropeptidase
activity and thus preventing further cleavage of the B-NGF at inter-—
nal arginine residues. Such a mechanism is not required in the EGF
complex. Aside from these speculations about the role of the argi-
nine esteropeptidase, it should be noted that it has one other pro-
perty. Greene, Tomita and Varon (7) have shown by cell counts and
incorporation of radiolabelled precursors into DNA that the estero-
peptidase subunit releases chick embryo body wall fibroblasts from
contact inhibition and have discussed the implications of this fin-
ding in terms of the regulation of cell growth.

The considerations noted above lead to the further conclusion
that the binding of the arginine esteropeptidase or Yy subunit with
its two neighboring subunits, the putative product of its reaction,
the B subunit, and the a subunit should be greater than that of a
typical enzyme substrate complex and this appears to be so. On the
one hand, differences in NGF activity between 7S NGF and the B-NGF
subunit are detected in the usual bioassay p¥8cedure (11) where the
protein concentration is of the order of 107" "M (21), suggesting a
remarkable stability for the complex, while on the other, the sub-
units display a high degree of affinity for one another even at low
concentration in the presence of non-NGF proteins (14). The experi-
mental procedure for demonstrating this last point involved isola-
tion of 7S NGF from extracts of submaxillary gland pretreated by
exposure to alkaline pH to dissociate the 7S NGF complex and sub-
sequent redialysis to neutral pH to allow for its reformation, if
possible under these conditions, from the subunits. The recovery of
7S NGF from such extracts was, in fact, slightly in excess of that
from submaxillary gland extracts stood for the same length of time
at neutral pH, both recoveries being about 60 7 of normal. It is
reasonable to assume that the lower than normal recoveries in each
instance results from proteolytic activity in the gland extract.The
similarity of the physical properties and subunit composition of the
reformed as compared to native 7S NGF also testifies to the high
subunit affinities.A new method for isolating 7S NGF has been de-
vised based on this property (l4).

The Biological Properties of B-NGF

Of the three subunits in 7S NGF, only the B subunit or B-NGF
elicits fiber outgrowth from embryonic chick sensory and sympathe-
tic ganglia. Because approximately the same concentrations,10-20
ng/ml, of B-NGF and 7S NGF give optimal response in the bioassay,it
would appear that the interaction of the y and a subunits with B-NGF
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either enhances or stabilizes its specific NGF activity. Further
attempts to examine the significance, if any, of this effect have
been made by (1) isolating B-NGF from the complex by different me-
thods and (2) seeking modifications of B-NGF which do not alter its
specific NGF activity but do affect its ability to interact with the
other two types of subunits.

With respect to the former, two new methods have been used. In
one, 7S NGF was dissociated at alkaline pH and the B subunit isola-
ted by ion exchange chromatography on QAE Sephadex at this pH. In
contrast to the previous method utilizing ion exchange chromatogra-
phy at acid pH, the B subunit does not bind to the column material
and is eluted rapidly and quantitatively. In the second method, 7S
NGF was subjected to isoelectric focusing in acrylamide gel and that
part of the gel containing the separated B subunit cut out and elu-
ted. In both instances, the physical and biological properties of
these B-NGF preparations were identical to those of the original
material.

Although limited exposure of B-NGF to high pH has no effect,
prolonged exposure results in a significant increase in the minor
component of lower isoelectric point, B, normally seen in B-NGF
preparations. Continued exposure also produces a third species, 83,
of even lower isoelectric point. The proportion of the major B-NGF,
B1, decrease with time under these conditions. The interest in these
new species lies in the fact that their ability to recombine with
the a and y subunits is much impaired. Under conditions, for example,
where 100 7 of B recombines with appropriate proportions of o and
y subunits, only 20 % of B89 will form the usual aBy complex. Thus
it is possible to use the By and B3 species to see if their specific
biological activity is altered by the presence of a and y subunits
with which they effectively cannot interact. The result for B, showed
that there was no difference in specific biological activity in the
presence or absence of the two other subunits. The a and Yy subunits
do not, therefore, produce merely stabilization of B-NGF activity,
rather is the specific interaction of the three subunits a factor in
determining the level of the specific activity of B-NGF.

The Structure of B-NGF and a Comparison with 2.5 S NGF

B-NGF is the subunit which is isolated from the purified 7S NGF
complex. The species now called 2.5 S NGF (2 and this volume) is
isolated from a G-100 Sephadex filtrate of a streptomycin sulfate
treated submaxillary gland extract (4) and, therefore, also origina-
tes from the 7S NGF complex. The only differences in the isolation
of these two low molecular weight NGF species are the use of strepto-
mycin sulfate and the stage at which the 7S NGF is dissociated and
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subjected to ion exchange chromatography at acid pH to isolate the
smaller NGF protein. It is not surprising therefore that the two
species are very similar. On the other hand, such differences that
have been found are of very considerable interest.

There appears to be a difference in the amount of NGF activity
which is recovered in the two forms. In a typical preparation, 7S
NGF accounts for about 60 7 of the activity measurable in the gland
extract and B-NGF for about one fifth of this value (21). In con-
trast, some 60 7 of the total NGF activity may be recovered as 2.5S
NGF (4). The other difference is found at the structural level.The
species, 2.5 S NGF, has two peptide chains, A, 118 residues long,
and B, 110 residues long, whose amino acid sequences have now been
determined (2, and this volume). Each contains three intra-chain di-
sulfide bonds and the absence of sulfhydryl groups or of inter—chain
disulfide bonds points to the strong non-covalent forces holding
the two chains together. The sequence of the two chains is identi-
cal except at their N-termini where the B chain is missing the first
eight residues of the A chain. The chains have C-terminal arginine
residues and the comments already made about this property of B-NGF
also hold for 2.5 S NGF. The sequence data obtained on B-NGF thus
far show that it contains the same soluble tryptic peptides as 2.5S
NGF which account, although their order is not completely establi-
shed, for residues 51 through to the C terminus of either A or B
chain. Only one major N-terminal sequence has been found for resi-
dues 1 through 34 and this corresponds to the sequence of the A
chain. Since the amino acid composition of B-NGF is close to that of
2.5 S NGF (22) and a number of thermolytic peptides have been found
which in composition cover most of the gap between residue 35 and
50 of the A chain, it may be tentatively concluded that B-NGF con-
tains two identical A chains. The isoelectric focusing analysis of
the reduced and carboxymethylated NGF proteins support this conclu-
sion since B-NGF shows only one major component while 2.5 S NGF
shows two in roughly equal amounts, one of which corresponds to the
B-NGF component. Thus the NGF protein isolated from purified 7S
NGF, i.e. the B subunit, has the composition AA and that isolated
from 7S NGF in admixture with other gland proteins, i.e. 2.5 S NGF,
the composition AB. Whether the loss of the octapeptide from the
second A chain of 2.5 S NGF, which must occur during the dialysis
of the G-100 filtrate to acid pH prior to chromatography, is an
artefact or not is not known. If it represents the formation of the
physiologically active peptide NHj ser.ser.thr.his.pro.val.phe.his
COOH by specific enzymatic cleavage of the A chain, then it would
be a significant pointer as to why such large amounts of the NGF
protein are found in the adult mouse. Answers to this question may
be obtained by examining the potential pharmacologic activity of the
peptide and also by isolating the enzyme responsible for its pro-
duction and determining its specificity. It will also be of interest
to determine if the difference in structure between B and 2.5 S NGF
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accounts for the apparent differences in biological activity yields
or if it has any effect on the interaction of these proteins with
the o and y subunits.
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STRUCTURAL STUDIES OF 2.5 S MOUSE SUBMAXILLARY GLAND NERVE GROWTH
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During the more than twenty years since its discovery (11),the
nerve growth factor (NGF) has been indeed demonstrated to be an es-
sential protagonist in the growth and development of the sympathe-
tic nervous system (12). The NGF-stimulated growth response has been
amply described from both metabolic and ultrastructural viewpoints.

In more recent years, several laboratories have focussed their
attention on the relation of these biological properties to the
chemical structure of the NGF molecules. In particular, studies
have centered on NGF isolated from the male mouse submaxillary
gland because of its relative abundance and ease of purification
(13). However, NGF from this source has been isolated in two dif-
ferent forms, which, while basically similar, also show apparent
conflicting properties (16, 18). On the one hand, NGF can be iso-
lated as a small basic protein with a sedimentation value of 2.5 S
(5),while on the other, the nerve growth promoting activity has
been isolated as a larger complex with a sedimentation value of 7S.
In this latter case, dissociation results in the formation of three
subunit types, designated a,B and y (15). Although the function of
the a and Yy subunits in the physiological role of this factor re-
mains to be rigorously established, it is clear that only the B sub-
unit possesses NGF activity in the dissociated state. In additionm,
it has now been established that a high degree of similarity exists
between the B subunit of 7 S NGF and 2.5 S NGF (SHOOTER, personal
communication). Consequently, we have undertaken a detailed exami-
nation of the structure of 2.5 S NGF, the fundamental unit possess-—
ing NGF activity, as the first step in establishing the structure-
function relationships of this factor.
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Subunit Structure

Earlier observations of Zanini et al. (18) indicated that 2.5 S
NGF, as prepared by the method of Bocchini and Angeletti (5), under-
went dissociation to yield molecules that possessed only half the
apparent molecular weight of the native molecule (28,000).However,
these 14,000 molecular weight species were indistinguishable from
native NGF with regard to both biological and immunochemical pro-
perties. Consequently, experiments to determine the number and
kinds of polypeptide chains comprising 2.5 S NGF were carried out.
Three experimental lines of evidence were obtained (3) and are sum—
marized in Table I. In the first, sedimentation equilibrium analyses

TABLE T

The Subunit Structure of Mouse 2.5 S NGF?

Molecular weight by
sedimentation equilibrium Native NGF 28,973 076
Native NGF
+
(6M guanidine HC1) 16,228 + 585
S-Carboxymethyl NGF

(6M guanidine HC1) 14,530 + 1,432

Amino terminal analysesb Residues /29,000 MW: SER : 2,35

METC: 0.42
Tryptic peptide mapping Residues lysine +
arginine/29,000 MW: 34
Residues lysine +
arginine/14,500 MW: 16
Tryptic peptides
found : 15

3Data taken from Angeletti et al. (3).

bDetermined by the method of Stark and Smyth (14).

CSum of methionine and methionine sulfoxide. Values for methionine
sulfoxide were uncorrected.
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performed in the analytical ultracentrifuge, indicated that where-
as native NGF possessed a molecular weight of 29,000, in good agree-
ment with previous determinations (5), treatment of native NGF,with
6 M guanidine-HCl resulted in an apparent dissociation, yielding
subunits approximately half as large. Reduction and carboxymethyl-
ation of disulfide bridges (4), did not appreciably lower the mo-
lecular weight further. Second, quantitative amino terminal analy-
sis, by the method of Stark and Smyth (14), indicated two residues
of serine and somewhat lesser amounts of methionine, after hydro-
lysis of the corresponding hydantoins, However, the significance
of these results was diminished by the large correction factor
which must be applied when serine is present as an amino terminal
residue, Third, peptide maps of the soluble tryptic peptides of NGF
that had been reduced and carboxymethylated with “7*C-iodoacetate
indicated only 14 major tryptic peptides or about half the number
expected from the lysine and arginine content of the 29,000 mole-
cular weight protein, Additional confirmation of this data was ob-
tained by the observation that only 5 residues of radioactively
labelled half-cystine were recovered in these fractions. A sixth
unique residue was isolated from the tryptic insoluble material
after an additional thermolytic digestion., This accounting may be
contrasted with the value of 12 residues of half-cystine calcula-
ted for native NGF,

The sum of these data are consistent only with a subunit
model for NGF composed of two identical or very similar polypeptide
chains that are associated by non-covalent forces., It is noteworthy
that similar conclusions have been reported by Greene et al. (8)
for the Rg-subunit of 7 S NGF,

Amino Acid Sequence

The complete amino acid sequence of 2,5 S NGF was determined
from the structural analyses of peptides derived by digestion with
trypsin, chymotrypsin, thermolysin and pepsin, The resulting mix-
tures of peptides from these digests were fractionated on columns
of Dowex 50 X 8 and Dowex 1 X 2, and SE-Sephadex utilizing pyridine
acetate gradients previously described (7). The purified peptides
were structured by a combination of Edman procedures (6, 9, 17). The
sum of these data allowed the elucidation of a single, continuous
sequence of amino acids as shown in Fig., 1 (2). The tentative struc-
ture possesses amino terminal serine, in agreement with the amino
end group analyses (vide suEra) and carboxyl terminal arginine.
Confirmation of this assignment was obtained from carboxypeptidase
B digestion of S-carboxymethyl NGF, Further digestion by carboxy-
peptidase A released the amino acids expected in concordance with
the proposed sequence.
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In addition to the alignment of the overlapping peptides used
to generate the primary structure, it was necessary to determine
the pairing of the half-cystinyl residues in order to complete the
covalent structure of NGF, Accordingly, peptic digestion of native
NGF was performed. The resulting peptides were separated on an SE-
Sephadex column and all three disulfide bridges were found to be
contained in one large peptide. This result is not surprising in
view of the fact that two of the half-cystinyl residues, which were
present in the single tryptic peptide are separated by a single va-
line residue (Fig. 1), producing a linear structure that would not
be readily susceptible to attack by pepsin. Thus, further digestion
with thermolysin, which readily cleaves at valine residues, was per-
formed, After ion-exchange chromatography of this second hydrolysate,
three distinct disulfide peptides were separated. These peptides
were oxidized with performic acid, and the resultant half-peptides,
listed in Table II, were purified by column chromatography or high
voltage paper electrophoresis, The composition of each of the pep-
tide pairs shown is unique, and allow the unambiguous assignment of
the disulfide pairs in the NGF-molecule as being I-IV, II-V, and
III-VI.

TABLE II
The Amino Acid Composition of Oxidized Disulfide Peptides

Isolated from a Peptic/Thermolysin Digest of Native
Nerve Growth Factor

Peptide Composition Residue No.

Pp XXIII-XXIV-Th 9-P1l-H4 SER-VAL-CYS-ASP-SER 15 (cys 1)

Pp XXIII-XXIV-Th 9-P1-H5 TYR-CYS-THR 80 (cyYs 1v)
Pp XXIII-XXIV-Th 14-P2 VAL-CYS 58 (CYs II)
Pp XXIII-XXIV-Th 14-P5 SER-GLY-CYS-ARG-GLY 108 (CYS V)

Pp XXIII-XXIV-Th 16-17-P2  ALA-CYS 68 (Cys III)

Pp XXIII-XXIV-Th 16-17-P7  THR-LYS-CYS-ARG 110 (CYs VI)
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Molecular Properties of 2.5 S NGF

The complete amino acid sequence of 2,5 S mouse NGF (Fig.l) is
entirely consistent with the existing structural information for
this protein (3-5). This polypeptide chain is composed of 118 amino
acids with a molecular weight of 13,259 (2), Two such chains, when
combined non-convalently in the dimeric structure of the native
factor (3), have a molecular weight of 26,518, In this regard, it
is noteworthy that information obtained from the amino acid sequen-
ator, carried out in collaboration with Dr, Mark Hermodsen of the
University of Washington, Seattle (10), indicates that NGF can be
isolated in a form in which one of the two polypeptide chains com-
prising the native dimer is shorter, from the amino terminal end,
by eight residues. The importance of these observations to the
physiological role of NGF is presently under investigation,

In addition, several other features of the structure are dis-
tinctive, The amino terminal portion of the molecule is considera-
bly less basic than the carboxyl terminal region. In fact, only
three lysines and one arginine are found among the first 50 amino
acids, This distribution is reflected in the fact that the tryptic
insoluble core from S-carboxymethyl NGF, which is composed of two
peptides covering residues 1-25 and 35-50, account for over 80 per-
cent of these 50 residues. Conversely, the carboxyl-terminal porti-
on of the molecule is more basic in character and, as judged by the
alignment of the disulfide bonds, exists in a more rigidly confined
conformation. The most striking feature revealed by the disulfide
structure, when viewed within the context of the complete sequence,is
the presence of a 14 residue loop that is formed by closing the
disulfide bonds between half-cystines II-V and III-VI, The disulfide
bonds apparently impart a particularly rigid and resistant nature
to the NGF molecule, as indicated by its striking resistance to enzy-
matic, chemical and heat denaturation,

The electrostatic properties of the NGF are also explained by
the assignment of the amide side chains. Seven of the eleven aspar-
tate and two of the eight glutamate residues are present in the
amide form, Thus, only ten of the nineteen potential acidic resi-
dues are present in the free acid form, This distribution of charge
is in excellent agreement with the empirically determined isolectric
point of 9.3 determined by isoelectric focussing.

The distribution of several other amino acid residues is also
of interest, It may be readily noted that cyanogen bromide cleavage
would not have been a productive approach for sequence analysis,
for the single methionine residue is very close to the N-terminus,
and is, in fact, the point at which the longer NGF chain is cleaved
to yield the 8-residue shorter chain, Indeed, in this small region
of the molecule are located one of the 2 prolines and two of the 4
histidine residues,
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The completion of the primary structure of the NGF provides
an opportunity to investigate those residues critical to its physio-
logical action. Toward this end, studies have begun by carboxyme-
thylating NGF at pH 6.8 with iodoacetic acid with the view of pro-
bing the relative importance of the individual histidine residues
of this molecule, These studies have revealed the fact that there
is not an obvious relationship between histidine residues and phy-
siological activity. In fact, although these observations await
confirmation with peptide isolation studies, it appears that 2 of
the 4 histidine residues of NGF, which are located at positions 4,
8, 76 and 84, are freely available to modification without loss of
biological properties. In a like manner, it has already been re-
ported (1) that the three tryptophan residues of this protein lo-
cated at positions 21, 77, and 99 can be subjected to oxidation via
N-bromosuccinimide, resulting in derivatives that have partially
lost activity., However, these modifications parallel losses in the
tertiary structure of the protein, and suggest that the observed
loss of biological activity is the result of general denaturation
rather than the loss of residues associated with functional sites
of the NGF,., At present, it may be stated that the residues located
in the primary structure of this protein responsible for the nerve-
growth-promoting activity have not been defined.

Finally, it should be noted that NGF is only the second protein
related to the nervous system for which complete sequence data is
now available, Ultimately, it may be hoped that when additional
structural features of other specific neural proteins are known,it
will be possible to completely describe in molecular terms not only
the relation of NGF to its role in stimulating differentiation in
sympathetic neurons but other critical neural functions as well,
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BIOCHEMISTRY, FUNCTION, AND NEUROPATHOLOGY OF THE GLYCOPROTEINS IN

BRAIN TISSUE

Eric G. BRUNNGRABER

Research Department, Illinois State Psychiatric
Institute — Chicago, Illinois 60612 (USA)

Two reviews that summarize our knowledge of neural glycopro-
teins have appeared (12, 14). In this review, we will summarize some
of the more recent developments in this field of neurochemistry.

The isolation of glycoproteins from brain is difficult since
only 20 to 25 percent of the glycoprotein material can be rendered
soluble by drastic homogenization in aqueous solvents. Furthermore,
the isolation of purified glycoproteins presents technical problems
due to their inherent microheterogeneity and physical properties.
The task of establishing a quantitative method for the isolation of
all of the glycoproteins of brain tissue is indeed a formidable task.
If one will accept the hypothesis that the carbohydrate chains of
the glycoproteins play important roles in brain development and
function (6, 12-14, 16, 38) or in neuropathology (15), development
of experimental procedures to isolate the heteropolysaccharide chains
of the glycoproteins by proteolytic digestion of the defatted brain
tissue samples appears justified. Proteolytic digestion of the
samples solubilizes nearly all of the protein-bound N-acetyl-neur-
aminic acid (NANA) and hexosamine content of the tissue. The glyco-
peptides can be recovered quantitatively since no irreversible los-
ses can occur during the procedure. On the other hand, in contrast
to working with pure glycoproteins as starting material, one is con-
fronted with a formidable array of glycopeptides the complete se-
paration of which may prove to be exceedingly difficult. Neverthe-
less, if it can be shown that one,or more, specific heteropolysac-
charide chain is altered due to functional or pathological changes,
it would be possible to limit one's efforts toward the isolation of
the glycoprotein which contains the altered chain. Hence, the iso-
lation of the heteropolysaccharide chains may lead to information
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regarding function and pathology of the brain glycoproteins sooner
than the more tedious development of methods for the quantitative
separation and characterization of brain glycoproteins.

Isolation of Glycopeptides from Brain Glycoproteins

The procedure for the isolation of the glycopeptides has been
described in detail elsewhere (19-23, 25, 27, 35), The defatted
tissue sample is subjected to the proteolytic action of papain,.The
insoluble papain-resistant material is retrieved by centrifugation,
The supernatant is dialyzed under standardized conditions. The non-
dialyzable glycopeptide material is treated with cetylpyridinium
chloride to remove by precipitation the glycosaminoglycans and nuc-
leic acids. Excess cetylpyridinium chloride is removed by extrac-
tion with amyl alcohol. The non-dialyzable glycopeptides are se-
parated from impurities which absorb ultra-violet light by subjec-
ting the preparation to gel filtration on Sephadex G-50, using
water as eluant (27). The dialyzable glycopeptides are recovered
from the dialyzate by concentration and gel filtration on Sephadex
G-15 to remove most of the amino acids, peptides, salts, and other
impurities (35).

TABLE I

NANA- and Hexosamine-Containing Constituents of Rat Whole Brain

Constituent NANA Hexosamine
uM/g % uM/ g %
Gangliosides 2,22 67.5 0.96 23
Non-dialyzable 0.64 19.4 1.43 3
glycopeptides
Dialyzable 0.23 7.1 0.81 19
glycopeptides
Papai?-resistant 0.08 2.4 0.32 8
fraction
Free NANA 0.12 3.6 - -
Free Hexosamine - - 0.14 3
Glycosaminoglycans - - 0.55 13

Total : 3.29 - 4,21 -
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The distribution of various NANA- and hexosamine-containing
materials is shown in Table I, Hexosamine in the glycopeptides ac-
counts for 53 percent of the total content of hexosamine in rat
brain, Some NANA and hexosamine invariably remains associated with
the papain-resistant fraction from rat brain. This fraction from
bovine brain contains little NANA or hexosamine (23) and that from
human brain contains no NANA (25),

Chloroform-methanol extracts prepared from rat brain do not
contain glycoprotein material of the type known to be present in
the defatted tissue residue (25), Approximately 95 percent of the
NANA in the extracts can be accounted for as ganglioside NANA (97).
Such extracts do not contain glucosamine, mannose, or fucose,These
sugars are prominant constituents of the rat brain glycoproteins,

The Non-Dialyzable Glycopeptides

The ratio of aspartic acid/threonine did not change after in-
cubation of the non-dialyzable glycopeptides for 17 hours at 36°
in 0.1 N NaOH, indicating that the linkage of the heteropolysac-
charide chains to the protein is predominantly the alkali-stable
p-aspartylglycosaminylamine linkage. Similar results were reported
by Arima et al, (2). However, the glycopeptide mixture does contain
a minor fraction that is susceptible to cleavage by alkaline treat-
ment. This was noted by subjecting the alkali-treated non-dialy-
zable glycopeptide preparation to gel filtration on standardized
columns of Sephadex G-50. The molecular weight of most of the NANA
and hexose associated with the non-dialyzable glycopeptides was not
affected. However, approximately 11-13 % of the total NANA appeared
in a polysaccharide of decreased molecular weight. Presumably,this
material formed as a consequence of the cleavage of a galactosamine-
threonine (serine) linkage. This material may account for the small
amount of galactosamine in the non-dialyzable glycopeptide prepa-
ration. Approximately 90-95 percent of the hexosamine consists of
glucosamine ; the remainder is galactosamine.

The non-dialyzable glycopeptides have been subjected to co-
lumn electrophoresis (Fig.l). Upon re-electrophoresis, the glyco-
peptides of fractions I through VI migrate to the same position,
Contents of test tubes containing material corresponding to frac-
tions I through VI (Fig. 1, upper left) were combined and analyzed
for sugar components (Table II)., Each fraction was subjected to
gel filtration on Sephadex G-50 (Fig. 2) in order to estimate its
average molecular weight. Glycopeptides of known molecular weight
(60,93) were used to standardize the Sephadex G-50 columns.,

The molecular weight of the non-dialyzable glycopeptide frac-
tions (Table II) decreases as the charge (electrophoretic mobility)
decreases. The glycopeptide fractions appear to differ in molecular
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Fig.2, Chromatogram obtained when fractions I through VI (see Fig.
1) were subjected to gel filtration on standardized columns of Se-
phadex G-50 (1 x 90 cm), in 0.05 M Tris-chloride buffer, pH 7.5,
containing 0,1 M NaCl, Columns were previously standardized with
glycopeptides of known molecular weight (glycopeptide B from thyro-
globulin and glycopeptide from transferrin), The position of free
NANA is shown in figure at top, left hand corner.

weight largely because of differences in their content of NANA groups.
If one assumes that fractions I and II contain 2 molecules of man-
nose, then each glycopeptide fraction would contain 4 molecules of
NANA, The loss of these terminal NANA residues as a consequence of
the mild acid hydrolysis would decrease the molecular weight of
fractions I and II by 1240, If one assumes that the glycopeptides

of fractions III through VI contain 3 molecules of mannose, then
glycopeptides of fraction III, IV, V, and VI would respectively con-
tain 3, 3, 2, and 1 molecules of NANA, The loss in molecular weight
after mild acid hydrolysis would be 930, 930, 620, and 310 respecti-
vely for fractions III, IV, V, and VI, The decrease in molecular
weight observed experimentally is somewhat greater than these va-
lues, This can be explained by the finding that the mild acid hydro-
lysis procedure known to cleave all of the NANA residues also clea-
ves approximately 8 percent of the hexose and 4 percent of the fu-
cose residues. Approximately 5 percent of the hexosamine is also
liberated (57),
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It should be recognized that each of the six fractions consists
of a mixture of glycopeptides which are very similar in molecular
weight and electrophoretic mobility, and that the values for their
sugar composition and molecular weight are average values for the
mixture,

The non-dialyzable glycopeptides contain sulfate-ester groups
(2, 25, 68)., The preparation does not contain glycosaminoglycans
since glucuronic acid is absent (2, 19, 20, 22) and their electro-
phoretic mobility exceeds that of the sulfated glycopeptides (25).
Removal of NANA by mild acid hydrolysis, followed by subjection of
the de-sialidized glycopeptides to column electrophoresis, resulted
in the separation of sulfated and non-sulfated glycopeptides. Ap-
proximately 50 percent of the hexose and hexosamine of the de-sia-
lidated non-dialyzable glycopeptide preparation appeared to be pre-
sent in sulfated glycopeptides, Sulfated glycopeptides which contain
large amounts of mannose, fucose, and NANA are clearly more closely
related in composition to the heteropolysaccharide chains of glyco-
proteins than to the classical keratin sulfate, which is a linear
polymer of glucosamine and galactose (56, 69), Consequently, the
use of the term "keratosulfate'" to describe these glycopeptides
should be discontinued,.

The non-dialyzable glycopeptide preparation was subjected to
mild acid hydrolysis in 0,05 M HCl at 100° and the monosaccharides
released at various time intervals were isolated by gel filtration
on Sephadex G-15., All of the NANA is released in one hour. 75 per-
cent of the fucose is liberated by 4 hours. An immediate release of
galactose occurs so that approximately one-half is released as a
monosaccharide by 6 hours, suggesting the galactose is located in
an external position, Mannose is not liberated as a monosaccharide
until 7 hours of hydrolysis ; it requires 8 to 12 hours before half
of the mannose has appeared as a free sugar. Mannose, therefore, ap-
pears to be located in an internal position, Hexosamine release
showed a slight lag period in the early phase of hydrolysis, with a
maximal rate of release occurring between 6 and 8 hours of hydro-
lysis. This suggested that hexosamine appears in both external and
internal positions in the heteropolysaccharide chains. The order of
release was : NANA, fucose, galactose, glucosamine, mannose, glucos-
amine. The results obtained are similar to those found by Spiro (91)
who followed the release of carbohydrates from the heteropolysac-
charide chains of fetuin, The order of release of monosaccharides
is therefore consistent with the hypothesis that the bulk of the
glycopeptides consist of heteropolysaccharide chains that are quite
similar to those isolated from other sources (see structures below).
The presence of sulfate ester groups clearly distinguishes the brain
non-dialyzable glycopeptides from glycopeptides derived from glyco-
proteins such as fetuin (91 ), orosomucoid(102) and &, -macroglobulin
(41, 94). Sulfate ester groups appear to be located in external
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positions (linked to galactose) as well as internal positions (lin-
ked to N-acetylglucosamine (68).

Dialyzable Glycopeptides

The dialyzable glycopeptides were subjected to column electro-
phoresis (Fig. 3). Contents of test tubes containing fractions I
through VII were combined and subjected to gel filtration on stan-
dardized columns of Sephadex G-50. Unlike the chromatographic pro-
files obtained for the non-dialyzable glycopeptides (Fig.2), the
various fractions exhibited considerable heterogeneity upon gel fil-
tration (Fig. 4). Several fractions (IA, ITIA, IIIA, IVA, and V) had
properties that were identical to glycopeptide fractions which ap-
pear in the non-dialyzable glycopeptide preparation. For example,
fractions IA, IIA, IITA, IVA, and V (Fig. 4) have molecular weights
and carbohydrate compositions that are similar to those of fracti-
ons I, II-III, III-IV, V, and VI recovered by column electrophoresis
of the non-dialyzable glycopeptide preparation (Fig, 1, Table II),
These do not contain glucose. Glucose appears to be a constituent
sugar only of the dialysable glycopeptides (IB, IIB, IIC, IIIC, and
possibly VI and VII)., The presence of glucose-containing glyco-

— NANA
............. Hexose
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Fig. 3. Electrophoregram obtained when rat brain dialyzable glyco-

60

peptides were subjected to column electrophoresis, Conditions of
electrophoresis were identical to those described in Fig. 1. Con-
tents of test tubes containing material corresponding to fractions
I through VII (see top of graph) were combined, concentrated, de-
salted by gel filtration, and subjected to gel filtration on stan-
dardized columns of Sephadex G-50 (see Fig. 4).
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Fig. 4. Chromatogram obtained when fractions I through VII (see

Fig.3) were subjected to gel filtration on standardized columns of

Sephadex G-50, Conditions are the same as those described under

Fig., 2.

peptides is of interest in view of the report of Riddell and
Leonard (80),who provided evidence that glucose-containing glyco-
peptides derived from brain glycoproteins cause coma upon injecti-
on into experimental animals. The hexosamine content of fractions
IB, IIC, IIIB, and IIIC is partly or predominantly galactosamine,
Glucosamine is the sole hexosamine in fractions IIIA, IVA, IVB, V,
VI and VII. Some of the dialyzable glycopeptides may contain sul-
fate-ester groups (IIB, IIIB, and IVB),

Dialyzable glycopeptides of fractions VI and VII differ mar-
kedly from other glycopeptides examined because of their high con-
tent of mannose, absence of NANA, and very low levels (if any) of
fucose, If one assumes that the glycopeptides of fractions VI and
VII are 70 percent in carbohydrate content, the heteropolysaccha-
ride chain would have a molecular weight of 2129. This would acco-
modate 8 mannose and 4 N-acetylglucosamine residues. One fucose and
one galactose residue may also be present., The behaviour of the
hexosamine in these glycopeptides in certain colorimetric methods
used to distinguish between glucosamine and galactosamine led to
the suggestion that the hexosamine may be mannosamine (18). The
use of the Gardell column in combination with spectrophotometric
methods (18) have indicated that the hexosamine is exclusively
glucosamine (25),



118 E.G. BRUNNGRABER
Subcellular Distribution of Glycoproteins

Published investigations on the subcellular distribution of
glycoproteins (20, 26, 31, 32) have been extensively reviewed (14),
The synaptosomal and microsomal preparations from brain account
for most of the glycoprotein material of the tissue. However, it
has been shown that the usual synaptosomal preparation is contami-
nated with structures that are morphologically similar to axonal
and glial fragments (31, 32) and these may contain glycoproteins,
On the other hand, Fisher et al. (46) have found that isolated
axolemma from the retinal axons of the squid contain less NANA than
that found in liver plasma membranes. The mitochondrial fractions
contain very little glycoprotein material, part of which is pro-
bably associated with the lysosomes (63) which sediment in this
fraction, Lysosomes contain several acid hydrolysases which are
glycoproteins, although the lysosomal membrane does not appear to
contain NANA (88). Purified brain mitochondrial preparations con-
tain very little, if any, glycoproteins, as judged by their NANA
content (Marks, personal communication). The crude nuclear prepa-
ration accounts for only 20 percent or less of the total brain
glycoproteins, some of it undoubtedly associated with red blood
cells and blood vessels which sediment in this fraction, The pre-
sence of glucosamine -containing material in purified nuclear mem-
branes from rat liver has been reported (62), Castejon (29) repor-
ted the presence of NANA on the cell surfaces of neurons,

Anatomical Distribution of Glycoproteins

Brain tissue samples that consist largely of cell bodies con-
tain a higher concentration of glycoproteins and gangliosides than
areas that are enriched in fiber tracts (23, 81), The concentration
of glycoproteins relative to gangliosides is somewhat more eleva-
ted in white matter than in gray matter, Since the concentration
of glycoproteins relative to gangliosides is greater in the synapto-
somal fraction than in axonal fragments, it was suggested (14, 23)
that oligodendroglial cells in white matter contain glycoproteins
and that fragments originating from these cells contaminate the
usual synaptosomal fraction, This was in agreement with morpholo-
gical evidence (31, 32). Arseni and Carp (3) have reported the syn-
thesis of glycoproteins in astrocytomas and multiform glioblasto-
mas.,

Glycoproteins in Development

A large part of the non-dialyzable glycopeptide content, per
gram rat brain, was synthesized prior to the acceleration of gan-
glioside deposition which occurs between 6 and 29 days of age (57).
There is a slow and steady increase in glycopeptide deposition be-
tween 6 and 29 days of age. Quarles and Brady (76) studied total



BRAIN GLYCOPROTEINS 119

glycoprotein-NANA content and obtained similar results, Nearly
adult levels are reached by 29 days of age. The composition of the
non-dialyzable glycopeptides derived from glycoproteins from the
15-day old rat showed qualitative differences compared to those
isolated from the adult brain (57). Di Benedetta et al. (37) found
a continuous heterogenization of soluble glycoproteins in the neo-
natal rat during the first 20 days of life, as judged by electro-
phoretic experiments, Some glyceproteins soluble in solvents of
low ionic strength increased up to 15 days of life and then quickly
decreased. Two glycoprotein fractions that became extensively la-
belled after intracerebral injection of fucose were found in the

1 to 10 day old mouse. These were not prominent in the 15-day old
animal (43). Roukema et al. (82) reported a marked increase in
glycoprotein content between 4 and 18 days of age in the rat,

Soluble Glycoproteins

The non-dialyzable glycopeptides from the soluble glycopro-
teins contain less fucose than those obtained from the insoluble
residue, A greater percentage of the total glycopeptide material
derived from the soluble glycoproteins is non-dialyzable, A column
electrophoretic separation (36) of the soluble glycoproteins of rat
brain (Fig. 5) and analysis of 6 fractions (Table III) showed that
glycoprotein-carbohydrate was present in all fractions., However,
fractions I and II showed an enrichment in carbohydrate content,
per mg protein, compared to the original extract. Fraction I was
shown to contain 4 glycoproteins which migrate more rapidly than
serum or brain albumin upon electrophoresis in polyacrylamide gel.
Three of these glycoproteins were not found in liver extracts or
in serum., One or more of the acidic proteins described by McEwen
and Hyden (70) appear to be glycoproteins. All of the pre-albumin
proteins, including the four glycoproteins and the S-100 protein,
appear in fraction I (Fig. 5) and are separated from the remaining
protein material of the soluble extract., An interesting anomaly
concerning the soluble glycoproteins was the finding that when
lyophilized brain extracts are taken up in Tris-chloride buffer and
subjected to gel filtration on Sepharose 4B, all of the glycopro-
tein material is excluded from the gel matrix, A three-fold enrich-
ment in glycoprotein-carbohydrate, relative to the original, is ob-
tained., Apparently, the glycoproteins can, under certain conditions,
form aggregates with an apparent molecular weight exceeding two
million, The true molecular weight for most of the glycoprotein
material is considerably less than this value, since they are ca-
pable of entering the pores of a 7 percent acrylamide gel during
electrophoresis in borate buffer, pH 9.2,

Several workers have reported the isolation of soluble brain
specific glycoprotein antigens (54, 61, 66, 77, 90, 98, 103, 104).
Lysosomal hydrolytic enzymes (63) and brain alkaline phosphatase
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Fig. 5. Soluble proteins were extracted from tissue with 0,02 M
Tris-HCl buffer, pH 8.0 by homogenization of whole rat brain tissue
(1:5, w/v) with a Servall Omni-Mixer for 5 min at approximately
8,000 rev,/min., The homogenate was centrifuged at 100,000 x g
(average force) for 1 h, The residue was re-extracted with water
(1:5, w/v) using the omnimixer and centrifuged as before, The com-
bined supernatants were lyophilized. The dry material was resuspen-
ded in water and dialyzed against the buffer that was used for
electrophoresis. Column electrophoresis was performed in 0,033 M
sodium phosphate, pH 7.4, The anode is at the left. Contents of
test tubes containing material corresponding to fractions I through
VI were combined and analyzed for protein and carbohydrate consti-
tuents, Electrophoresis was conducted on the LKB n° 3340 column
using formalated cellulose as support, at 200 V for 48 h,

(85) are known to be glycoproteins,

Wilson et al, (106) found that vinblastin precipitated a number
of proteins in addition to neurotubular protein. These proteins are
also precipitated by calcium ions. Dekirmenjian and Liu (33) have
reported that glycoproteins of the soluble extracts are precipitated
along with neurotubular proteins by vinblastin,

Insoluble Glycoproteins

The first attempt to dissolve and purify the insoluble glyco-
proteins from brain tissue was reported by Brunngraber et al., (17).
The combined mitochondrial and microsomal preparation from rat brain
was used as starting material, Only 10 percent of the particulate
glycoprotein could be solubilized by extraction with aqueous buffer.
Approximately 60 percent was solubilized by treatment with Triton
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X-100. A 100 percent recovery of Triton-solubilized glycoproteins
was obtained by fractionation on calcium hydroxylapatite columns.
The amount of carbohydrate, per mg protein, of some fractions sho-
wed a three-fold enrichment relative to that of the original extract.
Purification of glycoproteins can also be achieved by chromatography
on DEAE-cellulose, In both procedures, all eluting solutions must
contain the detergent, Triton X-100,

Procedures for solubilization of insoluble proteins by means
of sodium dodecylsulfate, reduction by 2-mercaptoethanol, and sub-
sequent electrophoretic separation in polyacrylamide gels in which
the buffer contained the detergent has been described by Maizel and
coworkers (67, 89). These procedures were used by Bosmann et al,
(8) to separate glycoproteins from subcellular fractions from brain
tissue., Unfortunately, glycolipids and lipids also stain positively
with the periodic acid-Schiff staining procedure used in this work,
Consequently, the conclusion drawn by these authors that 9 of their
protein bands are glycoproteins may be premature, Dutton and
Barondes (43) used similar procedures for the separation of glyco-
proteins that had been labelled in vivo with radioactive fucose,
Label was found in all of the fractions eluted from the gel, Susz
(96) varied the procedure by adding a prior delipidation step.More
recently, Dr. Susz, working in our laboratory, was able to solubi-
lize all of the glycoprotein material of the residue that is obtai-
ned after extraction of a crude mitochondrial fraction with chloro-
form-methanol (2:1 and 1:2, v/v). Solubilization was achieved by
treatment of the delipidated material with EDTA, sodium dodecyl sul-
fate, and mercaptoethanol, An electrophoretic method recently des-
cribed (50) utilizing porosity gradient polyacrylamide gels has been
found successful in the separation of 7 or more glycoprotein bands
from delipidated crude mitochondrial fractions,

Biosynthesis of Brain Glycoproteins

After intraperitoneal injection of D-glucosamine-l-lAC into the
15 day-old rat, maximal activity in the brain non-dialyzable glyco-
peptides was attained 4 hours after injection (57), The rate of de-
cline in radioactivity after maximal incorporation suggested the
presence of at least two components, the apparent half-lives of
which were approximately 18 hours and 4 days. In contrast, maximal
activity into the gangliosides was not attained until 24 hours after
injection and the loss of label after maximal incorporation procee-
ded at a slower rate, In the adult rat, the incorporated activity
reached nearly maximal values by 8 hours after injection. The de-
cline in radioactivity from its peak value at 24 hours suggested
the presence of two components which possessed half-lives of appro-
ximately 40 hours and 12.5 days respectively., Most of the radio-
activity incorporated into the glycopeptides appeared in NANA and
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hexosamine ; very little label appears in the amino acids and
hexose components of the glycopeptides.

It is well established that glycoprotein synthesis in the liver
(86), HeLa-cell (9), and in a variety of cells (78) occurs in the
smooth endoplasmic reticulum or Golgi apparatus. The protein is syn-
thesized at the ribosomal level, and the protein molecule then pas-
ses through the channels of the Golgi apparatus. The internally lo-
cated sugars, glucosamine and mannose, are added to the protein in
the early portion of the passage, and galactose, NANA and fucose
are added later. Droz (40) presented radioautographical evidence
that this is the case in neurones ; no glycoprotein synthesis could
be detected in the nerve-endings. Since there was a more rapid in-
corporation of labelled glucosamine into macromolecules of the sy-
naptosome, as compared to incorporation of labelled amino acids,
Barondes (4) suggested that glycoproteins are synthesized at this
site. Den et al. (30) reported a high concentration of glycosyl
transferases in synaptosome—enriched fractions. Forman et al. (47)
found that labelled glucosamine that had been injected into the
goldfish eye is incorporated into glycoproteins which are transpor-
ted through the optic nerve to the contralateral optic tectum and
that glycoproteins appear to be among the more rapidly migrating
components. Elam et al. (44) noted that a sulfate-labelled material
of electrophoretic mobility less than that of the glycosaminogly-
cans migrated along the optic nerve. Since the material was prepared
by methods similar to our own, it appears that this material was
identical to the non-dialyzable glycopeptides. These studies suggest
that the early appearance of labelled glucosamine in the synapto-
some may be due to synthesis in the cell body and rapid migration
to the nerve endings. It should be recalled that the usual synapto-
somal preparation contains axonal fragments (31, 32). Roux (84) has
reported that synthesis of glycoproteins occurs in the supra-optic
nucleus, and that these are subsequently transferred to the posteri-
or pituitary.

Seijo and Rodriguez De Lores Arnaiz (87) used thiamine pyro-
phosphatase as a marker for the Golgi complex in order to deter-
mine its distribution in various subcellular fractions obtained by
sucrose—-density gradient centrifugation techniques. Most of the
activity was found to sediment in the synaptosomal fraction as well
as in synaptosomal membranes isolated from synaptosome-enriched
fractions. The enzyme was also found in Golgi-like structures that
accumulate at segments near the compression of crushed cat sciatic
nerves (75).

Bosmann et al. (9) were able to show that the synthesis of the
carbohydrate portion of the glycoproteins in the HeLa-cell occurs
within the Golgi apparatus. Subcellular fractions enriched in plas-
ma membrane fragments were inactive. They believed that the product
of this synthesis is a complete glycoprotein molecule that is sub-
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sequently incorporated into plasma membranes by integration with
lipids and other plasma membrane components,

At present, there is no convincing evidence that neuronal gly-
coproteins are synthesized at the site of the synaptosomal membrane.
Experimental evidence for glycoprotein synthesis in the nerve-ending
or its membranes requires proof that these fractions are free of
axonal fragments (31, 32), glial fragments (32), and the Golgi ap-
paratus (87).

Bosmann et al. (10, 11) have claimed that mitochondria can in-
corporate labelled hexose into glycoprotein molecules, The finding
is difficult to reconcile with the evidence indicating that mito-
chondria do not contain glycoprotein material (see above). If mito-
chondria are indeed capable of synthesizing glycoproteins, it would
appear that these glycoproteins are either synthesized for export,
or alternatively, are deposited in amounts that are too low to de-
tect by the usual chemical methods. In these series of experiments
it was noted that asparaginase inhibited glycoprotein synthesis (7),

As far as is known, fucose in brain tissue is present only in
the glycoproteins., Consequently, fucose is a good marker for glyco-
proteins in labelling experiments (5, 108), Some of the NANA that is
injected intracerebrally becomes incorporated into rat brain glyco-
proteins (34),

Degradation of Glycoproteins

Little is known regarding the catabolism of glycoproteins,Glyco-
proteins can undoubtedly be broken down within the lysosomes which
contain the required proteinases and acid hydrolases., Such catabo-
lism would necessitate some mechanism whereby the glycoprotein on
the cell surface is pulled back into the cell for catabolism, How-
ever, it is also possible that catabolism proceeds at the membrane
surface, so that the heteropolysaccharide chains are cleaved from
the protein and released into the intercellular spaces, the CSF,or
the circulation., Goussault and Bourrillon (49) have reported that
NANA-rich glycopeptides resembling those obtained from brain tissue
appear in normal human urine,

Function of the Glycoproteins

It has been reported (6) that the amount and metabolism of
glycoproteins in the pigeon brain are affected by training.These
experiments have been criticized on biochemical (14) and behaviou-
ral grounds (48), We have attempted (58) to determine whether the
metabolism and levels of the non-dialyzable glycopeptides from rat
brain are affected by stress and during the process of memory
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consolidation., Rats were trained for 3-5 min on a simple one trial
passive avoidance of foot shock task (83), A three-minute retention
test was run 24 hours after original learning.Glucosamine-l—14C was
injected intraperitoneally 15 min before original learning (experi-
ments 1 and 2), before retention (experiment 3), or before 10 min
of inescapable foot shock (experiment 4)., Control animals were han-
dled in the same fashion as experimental subjects except that the
former never received footshock., Sacrifice occurred one hour (ex-
periments 1, 3, and 4) or 24 hours (experiment 2) after injection.
There were no significant differences between controls and experi-
mental animals in the incorporation of isotope into the heteropoly-
saccharide chains isolated from brain glycoproteins, The amounts of
NANA, hexose, hexosamine, and fucose in the heteropolysaccharide
chains were also unaffected.

Irwin and Sampson (59) reported changes in the content of di-
and trisialo-gangliosides as well as changes in ganglioside turn-
over in rat brain following behavioural stimulation, A possible
role for glycoproteins was suggested by a lower specific activity
of the residue obtained after extraction of the gangliosides 9 and
24 hours after injection of labelled glucosamine in rats that had
been taught a swim-escape task.

It has been proposed (12-14, 16) that alterations in the struc-

ture of the heteropolysaccharide chains as a result of stimulation
may influence the subsequent performance of the cell, It is perti-
nent that Whetsell and Bunge (105) reported that exposure of the
sensory ganglion to ouabain caused the Golgi apparatus to swell,
The effect was reversible, If such changes occur upon stimulation,
it is conceivable that structural alterations within the Golgi ap-
paratus would result in alterations in the type of heteropolysac-
charide chains being synthesized at the time of stimulation,

Langley (65) postulated the presence of carboxylated polyanions
at the site of the Ranvier node which might act as macromolecular-
polycation (Na, Ca) complexes in events associated with the neural
impulse, The role of intercellular mucosubstances in neural infor-
mation processing has been referred to in a review by Adey (1),

It has been proposed that (12-14, 16) glycoproteins on the
cell surface have a directing influence on the formation of nerve
connections in the developing nervous system, Richmond et al. (79)
have reported that the incorporation of labelled glucosamine into
glycoproteins was related to the degree of aggregation of dissocia-
ted chick embryo neural retinal cells, Free glucosamine and puro-
mycin inhibited incorporation as well as aggregation,

The effect of blocking cholinergic and adrenergic transmission
on glycoproteins in receptor cells was studied in a number of in-
vestigations. A decrease of glucosaminidase in hypothalamic nuclei
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as a consequence of inhibition of transmission was noted by
Pasqualino and Tessitore (74), Dische et al., (39) reported that the
composition of the heteropolysaccharide chains of glycoproteins
produced by the submaxillary gland was dependent on whether the
gland was stimulated by sympathetic or parasympathetic innervation,
Denervation of rat diaphragm muscle caused an increase in the in-
corporation of glucosamine into glycoproteins of the muscle tissue
(45), The possible role of glycoproteins in the serotonin receptor
has received additional study (99,100).

The presence of NANA in Reissner's fiber has been demonstrated
(95) and it was suggested that this fiber may balance the concen-
tration of biogenic amines in the CSF by a cation exchange process,
Polysaccharides appear to undergo histochemical changes during exci-
tation and inhibition of neurons (64). Heller (55) has reported on
the possible mechanism of function of a glycoprotein, a visual pig-
ment, which is part of the membrane of the retinal rod outer seg-
ments,

In another connection, Yasui et al. (107) have reported on the
isolation of an active fragment from bovine brain which included
the active site of the cell receptor for the Japanese encephalitis
virus, The activity was destroyed by a-mannosidase,

An interesting approach to a study of function was reported by
Mihailovic et al, (71). They prepared antigen from brain areas and
formed the anti-caudate nucleus and anti-hippocampal antibodies, In-
jection of these antibodies caused changes in behavioural responses,
Such work could be extended to a study of purified glycoprotein
antigens,

Neuropathology

Neuropathological samples studied include cases of subacute
sclerosing leukoencephalitis (SSLE) (24), neurolipidosis with fai-
lure of myelination (51), generalized lymphosarcoma (neurologically
normal), galactosemia (53), late infantile amaurotic idiocy
(Bielschowsky type) (52), and Tay-Sachs disease (28) (Table IV).
The major defect in SSLE was an elevation of a dialyzable glycopep-
tide containing largely mannose and glucosamine, but which did not
contain NANA, In late infantile amaurotic idiocy and galactosemia,
the major defect was a marked decrease in those dialyzable glyco-
peptides which do not contain NANA, In the case of neurolipidosis
with failure of myelination, all of the glycopeptide fractions
showed marked alterations,

The Tay-Sachs case is perhaps of greatest interest since it
was established that the tissues of this patient lacked hexosami-
nidase A, Although the gangliosidic NANA increased four-fold due
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TABLE IV
Carbohydrate Composition of Non-Dialyzable and Dialyzable
Glycopeptides from Normal and Pathological Human Brain Tissue
(All values are expressed in terms of umoles/g fresh tissue)

NANA Fucose Hexosamine Hexose
NON-DIALYZABLE GLYCOPEPTIDES
Gray Matter
Normal 8 year-old 0.72 0.55 1.9 2,17
SSLE, 8 year-old 0.63 0.40 1.59 1.79
Neurolipidosis,with failure
of myelination,4 year-old 0.31 - 1.33 -
Generalized lymphosarcoma,
3 year-old 0.70 0.47 2.32 1.77
Galactosemia, 25 year-old 0.60 0.29 1.20 1.85
Late infantile amaurotic
idiocy (Bielschowsky),
11 year-old 0.44 - 0.83 1,44
Tay-Sachs disease,
20 month-old 0.77 0.49 1.81 2,18
White Matter
Normal 0.46 0.24 1.10 1,30
SSLE 0.50 0.26 1.17 1.38
Neurolipidosis, with failure
of myelination 0.32 - 1.35 -
Galactosemia 0.59 0.21 1.20 1.67
Late infantile amaurotic
idiocy 0.46 - 1.14 1.17
Tay-Sachs disease 0.65 0.38 2,36 1.79
DTALYZABLE GLYCOPEPTIDES
Sray Hatter 0.21  0.22  1.03 1.05
SSLE 0.24 0.25 1.49 1,48
Neurolipidosis,with failure
of myelination 0.57 - 0.91 -
Generalized lymphosarcoma 0.24 0.27 1.65 1,33
Galactosemia 0.27 - 0.40 -
Late infantile amaurotic
idiocy 0.25 - 0.28 -
Tay-Sachs disease 0.24 0.37 1.93 3.57
White Matter
Normal 0.18 0.17 1,08 0.81
SSLE 0.13 0.20 1.17 1.02
Neurolipidosis with failure
of myelination 0.37 - 0.75 -
Galactosemia 0.27 - 0.35 -
Late infantile amaurotic
idiocy 0.14 - 0.25 -

Tay-Sachs disease 0.18 0.34 1,72 1.51
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to the accumulation of the neuraminidase-resistant ganglioside GM,_,
the concentration of NANA in the non-dialyzable and dialyzable
glycopeptides remained unchanged. It is known that Tay-Sachs gan-
glioside becomes elevated in this disease due to the terminal lo-
cation of N-acetylgalactosamine which cannot be cleaved due to the
deficiency of hexosaminidase A. Gangliosidic NANA becomes elevated
since the cleavage of NANA is dependent upon the prior removal of
the terminal N-acetylgalactosamine, This structural feature appears
to be absent in the glycopeptides, This agrees with the finding
that all of the NANA in the glycopeptides is removed by neuramini-
dase, but 40 % of the NANA in the gangliosides is resistant to the
action of this enzyme.

Van Hoof and Hers (101l)and Durand et al. (42) described cases
in which the tissues lacked the enzyme o-fucosidase., This defici-
ency was accompanied by an increase in the fucose content of the
"mucopolysaccharide" fraction (101). Glycoproteins are the only
brain constituent that are currently known to contain fucose. Con-
sequently, the absence of a-fucosidase would affect only this con-
stituent ; the catabolism of the glycosaminoglycans should remain
unaffected., As far as is known,fucose residues are present solely
in terminal positions of the heteropolysaccharide chains. Hence,
in fucosidosis, the block in biological degradation occurs at an
initial stage of the catabolic sequence, Chains which contain
fucose in the terminal position would not be amenable to subsequent
attack by B-galactosidase, pB-hexosaminidase, and o-mannosidase.
These enzymes are believed to act in sequence by attacking the non-
reducing ends of the chains, In this disease, one would expect an
increased level of polysaccharide chains which contain fucose in a
terminal position., The fucose-galactose-N-acetylglucosamine-portion
of the heteropolysaccharide molecule will accumulate ; the NANA-
galactose N-acetylglucosamine-chains are degraded (15),

Structures for the brain non-dialyzable glycopeptides are pro-
bably similar to those reported for orosomucoid glycopeptides (102)
or fetuin (92) (Fig.6).

Ockerman (72) reported a case of mannosidosis in which an
oligosaccharide consisting of 5 residues of mannose and 1 residue
of glucosamine accumulated. In cases of mannosidosis, catabolism
of the heteropolysaccharide chains of the glycoproteins would pro-
ceed so that (42) neuraminidiase, o-fucosidase, B -galactosidase,
and B-hexosaminidase would remove the externally located sugars,
leaving the mannose-rich, glucosamine-containing internal portion
of the glycoprotein intact, Degradation then ceases since the
enzyme, o-mannosidase, is absent, The water-soluble mannose-rich
fragment obtained by Ockerman is derived by the action of an enzyme
which splits the bond between N-acetylglucosamine and asparagine,
The oligosaccharide then accumulates since it cannot be further
degraded (15). Ockerman's oligosaccharide may be derived from the
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Fig.6. Possible structure for brain non-dialyzable glycopeptides.

catabolism of the non-dialyzable glycopeptides.However, the non-dia-
lyzable glycopeptides from rat brain contain only two or three man-
nose residues per molecule of glycopeptide. The analytical values
obtained for human brain suggests that this is probably the case in
this tissue also. Consequently, it appears more likely that Ockerman's
oligosaccharide is derived from the mannose-rich glycopeptide of the
dialyzable fraction (fractions VI and VII, Fig.4). Oligosaccharide
chains containing only two or three mannose residues are probably
present in the cases of mannosidosis (73) and these are derived from
the heteropolysaccharide chains present in the non-dialyzable glyco-
peptide fraction.

In the case of Tay-Sachs disease, the enzymatic cleavage pro-
ceeds so that the NANA,fucose, and galactose groups are cleaved.The
N-acetylglucosamine which is attached to the mannose at a branch
point may not be cleaved due to the deficiency of hexosaminidase A.
A three—fold elevation in the concentration of hexose associated with
the dialyzable glycopeptides was found in this case (Table IV).The
increased level of hexose was due to an elevation of mannose ; ga-
lactose levels remained normal. The results suggest that in Tay-Sachs
disease, the catabolism of the non-dialyzable glycopeptides ceases
after the galactose residues had been removed. The resultant mannose-
rich glycopeptides accumulate and appear in the dialyzable glyco-
peptide fraction.

Finally, it might be mentioned that in metachromatic leukodys-
trophy (deficiency of lysosomal sulfatase), one would expect an in-
crease in glycopeptide chains which contain sulfate-ester groups.
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GLYCOPROTEINS OF THE SYNAPTIC REGION

W.C, BRECKENRIDGE, J,E, BRECKENRIDGE and I.G. MORGAN

Centre de Neurochimie du CNRS, 67-Strasbourg (France)

Glycoproteins have been found in most tissues as components
of soluble and membranous fractions of the cell, Vast quantities
of PAS-staining material have been demonstrated by electron micros-
copy (35) in cell membranes and in particular, the plasma membrane
appears to be enriched in protein-bound carbohydrate, The carbo-
hydrate composition of plasma membranes from various tissues has
been reported (6, 20, 21, 24, 29, 33, 37). Brain glycoproteins have
already been extensively studied (for review,see ref, 13) and evi-
dence has been presented indicating that subcellular fractions en-
riched in neuronal plasma membrane are also enriched in protein-
bound carbohydrate (17), However no detailed studies of glycopro-
teins and glycopeptides have been carried out on homogeneous frac-
tions from brain.

In general, glycoproteins of plasma membranes have been impli-
cated in contact inhibition (1) and cell differentiation (2). It
has also been suggested (3, 7) that the glycoproteins of neuronal
plasma membranes are important in learning and memory ; functions
which could depend on some form of interaction between neuronal sur-
faces, If these phenomena do result from subtle molecular inter-
actions between neuronal surfaces, glycoproteins and possibly glyco-
lipids, as shown by their importance in other systems (24, 25, 30)
would be ideal candidates for mediating the processes, Studies on
the roles played by possible close interactions of glycoproteins
of neuronal plasma membranes in the complex processes of neuronal
maturaton and function obviously depend upon an exact knowledge of
the structure and arrangement of the neuronal plasma membrane glyco-
proteins and their carbohydrate chains.
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Research on glycoproteins of neuronal plasma membranes has
been hindered by the problem of the preparation of this subcellular
fraction in a sufficiently pure form. The present communication
describes initial studies on the characterization of the polysac-
charide chains of glycoproteins present in synaptosomal plasma mem-
brane, which we are using as an experimental system to study the
account possible specializations of the synaptosomal plasma mem—
brane, in particular in the region of the synaptic cleft.

Preparation of Synaptosomal Subfractions

A detailed description of the preparation and characterization
of the synaptosomal plasma membrane has been published elsewhere
(34). The procedure is similar to the method described by Whittaker,
Michaelson and Kirkland (42) but has been modified in certain res-
pects. The crude mitochondrial pellet was washed three times to re-
move extensive microsomal contamination. Synaptosomes were isolated
on isotonic Ficoll gradients instead of sucrose density gradients,
since such synaptosomes are more fragile to osmotic shock. Follo-
wing osmotic shock, the membranous constituents of the synaptosomes
were pelleted and then placed on sucrose density gradients. The
various membrane fractions harvested from the gradient, were pel-
leted, resuspended in dilute buffer and then centrifuged under ap-
proximately the same conditions as were used to spin down the crude
mitochondrial pellet (Fig. 1). This removed all material whose
weight had not been changed by osmotic shock. Finally the membranes
were sedimented and then washed 5 times to remove contaminating
sucrose,

Fractions F and G were greatly enriched in the putative plasma
membrane markers ; (Nat, K*)-ATPase and gangliosides (Table I).

TABLE I

Enrichment of Plasma Membrane Markers

Marker Fraction!
F G Homogenate
Na,K-dependent ATPase? 103.1 63.5 8.90
Ganglioside3 39.8 24,0 3.60

lFractions F and G represent membranes banding at the interphase be-
tween 0.6-0.8 and 0.8-1.0 M sucrose respectively. Z2umole substrate
consumed/mg protein/hour. 3ug lipid sialic acid/mg protein.
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OSMOTICALLY-SHOCKED
SYNAPTOSOMES

11,500g x 15 min (R19)

supernatant
25,000g x 12 h (R19)

|
-

supernatant pellet
SYNAPTOSOMAL SOLUBLE suspended in PE buffer (0.5ml/g.brain)
FRACTION(O)
D
0.4
78,000g x 2 h (R30) 0.6 sucrose (M)
F 0.8

diluted with -
3 vol PE buffer
25,000g x 2h (R19) .-
I

53,500g x 2h(SW25.2)

pellets

suspended in PE buffer
(0.2ml1/g.brain)

11,500g x 20 min (R30)

[

pellets supernatants
HEAVY FRACTIONS 78,000g x 2h (R30)
D, F and G
pellets
LIGHT FRACTIONS
D, F and G

Fig. 1. Scheme of preparation of subsynaptosomal fractions. PE
buffer is 0.1 mM EDTA in 1 mM potassium phosphate (pH 7.6).
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It was found that fraction I (the pellet) was enriched in mitochon-
dria. Fraction D was enriched in synaptic vesicles but still con-
tained some plasma membrane (34). On the basis of many enzymatic
and chemical markers (Table II) fraction F was estimated to be over
80 percent synaptosomal plasma membrane. There was no significant
contamination with rough endoplasmic reticulum, soluble proteins,
lysosomes or myelin. In addition, no significant amounts of Golgi
apparatus were found (unpublished observations). Significant conta-
minants were outer mitochondrial membrane (< 5 7), smooth endoplas-
mic reticulum (< 5 7) and glial plasma membrane (< 10 Z). Electron
microscopy (Fig. 2) of fraction F showed a homogeneous population
of smooth surfaced membraneous vesicles. In addition to analyses

of these highly purified fractions, the material which was sedimen-
ted at 11,500 X g for 20 min from each fraction (Fig. 1) was also
analyzed. While not as rich as F and G "light" fractions, the
"heavy" fractions corresponding to F and G were 6-8-fold enriched
in ganglioside and (Na*,K)-ATPase.The most significant contaminant
in the heavy fractions appeared to be myelin. As discussed later
this material was also used for the characterization of glyco-
peptides.

TABLE II

Assessment of Contamination of Synaptosomal Plasma Membranest

Contaminant Percent Marker used
contamination
Inner mitochondrial membrane <1 -Cytochrome c oxidase
Succinate dehydrogenase
Outer mitochondrial membrane <5 -Monoamine oxidase

Rotenone insensitive NADH

Cytochrome c¢ reductase
Microsomes <5 -RNA

Rotenone insensitive NADPH:

cytochrome c reductase

Soluble proteins <1 -Lactate dehydrogenase

Lysosomes <1 -B-glucosidase
B-galactosidase

Myelin <1 —Cerebrosides and sulphatides

Glial membranes <10 -2',3"-cyclic AMP-3'-
phosphohydrolase

S-100 protein
Long chain fatty acids of
sphingomyelin

tResults are based on analyses of fractions F and G.
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Fig., 2, Typical field of fraction F, X 30,000,

Protein-Bound Carbohydrate Composition of
Synaptosomal Subfractions

After extraction of the lipids, the carbohydrate composition
of the protein residues was determined. For small quantities of
material, the protein was recovered by filtering the chloroform-
methanol extract through a Millipore teflon disc (43). The content
of protein-bound sialic acid in various synaptosomal subfractions
is shown in Table III, Fraction F contained the greatest amount of
sialic acid per mg protein, while fractions E and G were somewhat
less rich, This distribution of sialic acid paralleled the distri-
bution of (Na+,K+)—ATPase and gangliosides, Protein sialic acid was
enriched approximately 5-7-fold in the plasma membranes when com-
pared to total brain homogenate (15, 17). The level of protein-
bound sialic acid in the synaptosomal plasma membranes was similar
to the levels in plasma membranes which have been isolated from
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TABLE ITI

Protein-Bound Sialic Acid of Synaptosomal Subfractions

Subfractionl Sialic acid2

Soluble protein
Vesicles
Plasma membranes

HOQ QO
NP
NN H—HOO
Qoo OwWw

Mitochondria

lFractions defined in figure 1,

After extraction of the lipids the protein residues were hydro-
lyzed with 0.1 N H,SO, at 80° for 1 h. Sialic acid was estimated

by the method of Warren (42)., Results are expressed as nmole sialic
acid/mg protein, The recovery of sialic acid was 95 %,

other cells (21, 24, 29, 33), Fraction D, which was enriched in
synaptic vesicles, also contained some protein-bound sialic acid,
Some, but not all of this may have been due to contamination of

the vesicle fraction with plasma membranes. The mitochondrial
fraction contained the lowest levels of sialic acid of the membrane
fractions, Recent reports (16) suggest that some protein-bound sia-
lic acid is found in the inner and outer membranes of liver mito-
chondria but, in our experiments, contamination with plasma mem-
branes cannot be excluded, The 5 percent contamination of fraction
F with outer mitochondrial membranes probably does not contribute
much sialic acid to this fraction since the sialic acid content of
outer mitochondrial membranes from rat liver (16) is very much
lower than that of fraction F, The synaptosomal soluble fraction
contained the lowest amount of sialic acid ; only 1 percent of the
level in fraction F,

In view of the fact that fractions F and G were the purest
fractions of plasma membrane, further carbohydrate analyses were
performed only on them, After appropriate hydrolytic procedures,
the neutral and amino sugars were analyzed by chromatography on
polycarbonate sheets (32), The results (Table IV) again showed that
the highest concentration of all sugars, with the exception of man-
nose, was found in fraction F, It has been suggested that brain
glycoproteins might contain mannosamine but this sugar could not
be unequivocally identified due to the lack of an adequate method
(11), In the present system standard mannosamine was readily se-
parated from glucosamine. Analyses of both the membranes and glyco-
peptides indicated that mannosamine was not a component of these
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TABLE 1V

Protein-Bound Carbohydrate Composition of
Rat Brain Plasma Membranes

Carbohydrate1 Fraction2
F G

nmole/mg Molar nmole/mg  Molar

protein ratio protein ratio
Sialic acid 41,1 1.00 27.8 1.00
Fucose 21.4 0.52 15,2 0.55
Glucosamine 128.0 3.10 89.0 3.20
Galactosamine 34,1 0.83 13.0 0.47
Mannose 40,6 0.99 46,1 1.66
Galactose 33.3 0.81 25.5 0.92

1Carbohydrates were estimated after appropriate hydrolytic condi-
tions (9). Hexosamines and hexoses were estimated by optical den-
sitometry after chromatography on polycarbonate (32),

2Fractions are defined in table I,

glycoproteins. The quantity of mannose exceeded the amount of ga-
lactose, Considerable quantities of glucose were also found. How-
ever subsequent experiments on the glycopeptides indicated the pre-
sence of a high molecular weight glucose polymer., It is probable
that this polymer is either glycogen or Ficoll and thus no values
have been included for glucose., Glucosamine was the major hexos-
amine, indicating that gangliosides were completely extracted, The
total protein-bound carbohydrate, by weight, was 60-80 ug/mg pro-
tein,

The molar ratios of the carbohydrate components show that
glucosamine is present in the highest quantity followed by sialic
acid and the neutral sugars., These ratios can be compared to pre-
parations from total rat (18), bovine (17) and human (27) brains.
In all cases the carbohydrate ratios of the total brain were not
identical to those of the synaptosomal plasma membranes, In par-
ticular the content of hexoses was lower in the synaptosomal pre-
parations, Such differences would be expected since total brain
preparations contain carbohydrate from all subcellular fractions
of both neuronal and glial cells, The plasma membranes from liver
(21) contain higher ratios of hexoses and lower ratios of hexos-
amines while plasma membranes from rat ascites tumor contain higher
levels of hexoses (37).
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Analysis of Glycopeptides

There are essentially two approaches to the study of the struc-
ture of glycoproteins. One could attempt to isolate the individual
glycoproteins. However purification of membrane proteins is difficult
since the proteins are insoluble in mild aqueous environments. Al-
though they can be solubilized by detergents, the latter interfere
with many of the conventional methods involved in the fractionation
of mixtures of proteins. However it is possible to study the carbo-
hydrate portion of the glycoproteins by first digesting the membrane
proteins with pronase, or some other proteolytic enzyme, and subse-
quently isolating the soluble glycopeptides (Fig. 3.). The lipid-free
membranes were digested with pronase which solubilized virtually all
the carbohydrate material (8,9). Nucleotides and mucopolysaccharides
were eliminated by precipitation with cetyl pyridinium chloride and
the excess reagent was removed by extraction with pentanol (36). When
the aqueous phase was passed through a column of Sephadex G-15,vir-
tually all of the hexose and sialic acid was eluted in the void vo-
lume while lower molecular weight peptides, amino acids and traces
of sucrose, if present, were eluted in the second and third void
volumes.

This crude glycopeptide fraction was placed on a column of
Sephadex G-50 and eluted with an ammonium formate buffer(Fig. 4.).
The hexose pattern and sialic acid pattern showed two characteris-—
tic groups of glycopeptides. This pattern was found for both light
and heavy fractions of F and G. There was always a hexose positive
peak in the void volume. However this material contained only glucose.
It was assumed that this peak represented either glycogen or possibly
Ficoll which had been bound to the membranes. Subsequently there
were two broad peaks of hexose positive material with different mo-
lecular weights. Virtually all of the sialic acid was confined to the
higher molecular weight group while the second peak could be iso-
lated almost free of sialic acid. Due to the incomplete resolution
of these two classes the carbohydrate ratios of these two peaks,
which were very different, could be influenced by the exact positions
at which the fractions were collected. The small peak at the end of
the elution was probably due to small amounts of residual sucrose.
The absorption at 230 nm showed that the majority of the peptide ma-
terial was associated with low molecular weight compounds.

The column fractions were pooled into two fractions (S-I and
S-1I) and analyzed for their carbohydrate content. Peak S-I was
extremely rich in sialic acid (Table V) while the relative propor-
tions of hexoses and hexosamines were lower than those obtained by
analysis of the total membranes (Table VI). By contrast peak S-II
contained glucosamine and mannose as the major sugars. The first
peak contained slightly more of the total hexose (60 %) than peak
S-II (40 7). Essentially all of the fucose was present in peak S-I.



SYNAPTIC GLYCOPROTEINS 143

PREPARATION OF MEMBRANE GLYCOPEPTIDES

MEMBRANT SAMPLE

exiraction with C:M(2:1)
then with C:M(1:2)

combined extracts
GANGLIOSIDES
PROTEIN
pronase digestion
379 Sdays
pellet _
5-10percent of amino acids
supernatant

precipitation with cetyl pyridinium chloride

pellet
NUCLEIC ACIDS
supernatant MUCOPOLYSACCHARIDES
two partitions with pentanol

pentanol phases phase
CETYL PYRIDINIUM CHLORIDE CLYCOPERTIDES

PEPTIDES and AMINO ACIDS

Sephadex G-15 chromatography

void volume peak
95-100percent of hexose
BULK GLYCOPEPTIDE FRACTION
Fig. 3. Preparation of crude glycopeptides. C- chloroform ;
M-methanol.
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Fig. 4. Chromatography on Sephadex G-50 of total glycopeptides from
synaptosomal plasma membranes. oooo hexose ; oooo sialic acid ;
.... absorption 230 nm.

The sum of the carbohydrates of peak S-I and S-II gave a composition
essentially the same as that of the total membranes.

The compositions of the glycopeptides are, in some respects, si-
milar to those reported by Di Benedetta et al. (18) for the glyco-
peptides of total rat brain. In agreement with these studies, the
higher molecular weight glycopeptides contain proportionally more
sialic acid while the low molecular weight species are rich in hexos-
amine and mannose. However the carbohydrate ratios of the synaptoso-
mal plasma membrane glycopeptides are distinctly different from frac-
tions prepared from total rat brain. In general the amounts of hexose
and hexosamine are lower relative to sialic acid in peak I while the
lower molecular weight glycopeptides contain much higher levels of
glucosamine relative to mannose than those isolated from total brain.



SYNAPTIC GLYCOPROTEINS 145
TABLE V

Carbohydrate Composition of Synaptosomal Plasma
Membrane Glycopeptides!

Carbohydrate Glycopeptide Fraction
I II
Sialic acid 1.00 1.00
Fucose 0.50 < 0.10
Glucosamine 2.00 11.20
Galactosamine 0.51 1.20
Mannose 0.72 8.00
Galactose 0.51 1.30
Glucose 0.10 0.50

lResults expressed as molar ratios relative to sialic acid.

TABLE VI
Carbohydrate Composition after Resolution on DEAE-Sephadex of
Hexose-Hexosamine Rich Glycopeptides from
Synaptosomal Plasma Membranes!

Carbohydrate Fraction?
SIIa SIIb SIIc
Glucosamine 1.00 1.00 1.00
Galactosamine 0.10 0.07 0.05
Mannose 1.79 1.32 2.66
Galactose 0.06 0.15 0.17
Glucose 0.06 0.14 0.27

l1Results expressed as molar ratios relative to glucosamine.
2Fractions were collected as described in Fig. 5.

In both peaks the major hexosamine is glucosamine. However Di Bene-
detta et al. (18) have claimed that the low molecular weight glyco-
peptides from total brain have galactosamine as the major hexosamine.
In parallel studies to these (9) it has been found that the microso-

mal fractions contain low molecular weight glycopeptides with a
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glucosamine mannose ratio of 1:2:5. Galactosamine was not the major
hexosamine. This once again indicates that the different subcellular
fractions may contain glycoproteins with different carbohydrate com-—
positions.

Analyses of the Mannose, Glucosamine-Rich Glycopeptides

Analyses (8) of the sialic acid-rich glycopeptides from micro-
somes using ion exchange chromatography showed them to be a complex
mixture of molecular species containing different amounts of fucose
and sialic acid. However in view of the complexity of the fraction,
contrasted to the simplicity of the peak II glycopeptides (Fig.5.),

DEAE SEPHADEX CHROMATOGRAPHY OF MANNOSE RICH
GLYCOPEPTIDES OF SYNAPTIC PLASMA MEMBRANES
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Fig. 5. Chromatography on DEAE-Sephadex A-25 of S-II glycopeptides.
absorption of phenol-sulphuric acid reaction at 490 nm ;
—————— sodium chloride gradient.
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we have concentrated on studying the latter fraction. After hydro-
lyzing the S—II glycopeptides from the "heavy" fractions of F and G
with leucine amino peptidase and carboxypeptidase the S-II glyco-
peptides were placed on a column of DEAE-Sephadex A-25. One peak was
eluted with the starting buffer (0.005 M Tris HC1l, pH 8.0). Further
elution with a salt gradient gave two additional peaks of carbohy-
drate material along with several very minor peaks (Fig. 5.). The
resolution of mannose-rich glycopeptides (peak II) from microsomes
also gave the same three peaks (9). Analyses of the three major peaks
derived from the synaptosomal plasma membrane (Table VI) and the
microsomal fractions, (Table VII) showed that there were differences
in carbohydrate composition between the three peaks from a given
fraction and between the corresponding peaks from the two subcellular
fractions. In the plasma membrane fraction the ratio of mannose
glucosamine was slightly greater than 1 in peak A (1.79) and B (1.32).
Whole peak C contained considerably more mannose than glucosamine
(2.66 : 1). In contrast peaks A and B from the microsomal glycopep-
tides (Table VII) had ratios of mannose:glucosamine of 4:1 and 3:1
while peak C had a similar ratio to that found for peak C of the

TABLE VII

Carbohydrate Composition after Resolution on DEAE-Sephadex
of Hexose—Hexosamine Rich Glycopeptides from Microsomes!

Carbohydrate Fraction?

MIIa MIIb MIIc
Glucosamine 1.00 1.00 1.00
Galactosamine 0.04 0.16 0.04
Mannose 3.99 2.86 2.66
Galactose 0.09 0.25 0.49
Glucose 0.09 0.25 0.49
Sialic acid 0.00 0.00 0.12

lResults expressed as molar ratios relative to glucosamine.
2Fractions were collected as described in Fig.5.
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plasma membrane fraction. None of the peaks contained sialic acid or
fucose, and only small amounts of galactose and glucose were found.
Considerable problems arise in estimating glucose since all of the
resolution procedures use glucose-type polymers. It is possible that
small amounts of glucose are eluted from the columns. After exten-—
sive purification, small amounts of glucose were still present.Fur-
ther studies will be required to determine whether glucose is a true
constituent of the synaptosomal plasma membrane glycopeptides but

it is not a major component of any glycopeptide fraction.

The above results indicate definite differences in the struc-
ture of glycopeptides in the microsomal fraction and the synaptoso-
mal plasma membrane fraction. The latter contain considerably more
glucosamine in relation to mannose and peaks A and B represent a
larger proportion of the total mannose-rich glycopeptides than in
the microsomal fraction. Only peak C appears to have a similar sugar
ratio in both subcellular fractioms. It is probable that the micro-
somal fraction contains some synaptosomal and neuronal plasma mem-—
brane fragments. It is also possible that all the glycopeptide frac-
tions which have been isolated from DEAE-Sephadex are still mixtures
containing carbohydrate chains of varying length and varying sugar
ratios. Low molecular weight glycopeptides, similar to those present
in the synaptosomal plasma membrane, have been isolated from total
rat brain by Brunngraber et al. (11). It was reported that they con-
tained 8 mole of hexose (mainly mannose) and 4 mole of hexosamine
per glycopeptide molecule. The low molecular weight glycopeptides
from the microsomes appear to contain species with higher ratios of
mannose to glucosamine. This may be due to the presence of glycopro-
teins, in the smooth endoplasmic reticulum, with only partially com-
pleted carbohydrate chains.

The present results are in contrast to recent analyses of liver
plasma membranes (31), which indicated that only glycopeptides con-
taining sialic acid and fucose were present. It is possible that the
glycopeptides, which contain only glucosamine and mannose, are cha-
racteristic of the neuronal plasma membrane, however more data will
be required to establish such a possibility.

Selective Extraction of Membrane Glycoproteins

In soluble glycoproteins the carbohydrate chains exhibit micro-
heterogeneity (5,19, 26, 39). Thus the carbohydrate chains at a gi-
ven point in a polypeptide chain may vary in carbohydrate composition.
In many cases a "completed carbohydrate chain'" has been shown to con-
tain fucose or sialic acid as terminal sugars preceeded by galactose
and N-acetylglucosamine and then an internal region containing man-
nose and N-acetylglucosamine or N-acetylgalactosamine (39). Usually
glycoproteins from the plasma or other sources contain a small portion
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of their carbohydrate chains uncompleted with only the internal re-
gion of N-acetylglucosamine and mannose. This phenomenon has been
attributed to the inability of the glycosyl transferases to complete
all the carbohydrate chains in a given protein during the passage

of the proteins through the smooth endoplasmic reticulum and the
Golgi apparatus (39). More recently several glycopeptides from ery-
throcytes (2) and thyroglobulin (23) have been shown to contain
branched chain structures which have galactose as well as sialic
acid or fucose as terminal sugar,while other glycoproteins such as
ovalbumin (39) and rhodopsin (28) contain only N-acetylglucosamine
and mannose. Thus it was important to establish if the two groups of
glycopeptides, found in the synaptosomal plasma membrane, existed

in the same protein or in different proteins. In order to consider
this problem we have attempted to selectively solubilize the glyco-
proteins by extracting the membranes sequentially with various re-
agents and limiting quantities of different detergents.

As shown in table VIII aqueous solutions of high salt concen-—
tration, EDTA and mercaptoethanol, followed by urea solubilized
about 30 percent of the proteins but failed to extract extensive
amounts of protein-bound carbohydrate. However 1 percent Triton re-
moved virtually all the sialic acid with proportionately lower amounts
of mannose and galactose. Brunngraber et al. (10) have also observed
that Triton selectively extracted glycoproteins from total particu-
late fractions of rat brain. A subsequent extraction with 0.1 per-
cent sodium dodecyl sulphate removed about 15 percent of the pro-
teins but proportionately higher amounts of mannose and galactose
than sialic acid. Finally the pellet, which contained 15 percent of

TABLE VIII

Differential Extraction of Synaptosomal Membrane Carbohydrates

Sequential extraction Component!
Reagent
Protein Sialic Mannose Galactose
acid

1M NaCl;1mM EDTA;1mM MeSH 13.4 5.5 3.8 7.6
3M urea 16.7 2.8 2.2 6.5

17 Triton X-100 33.9 85.9 59.0 60.0
0.17% SDS 21.1 6.5 17.5 19.7
Insoluble residue 15.9 0.3 17.5 5.9

lyalues are given as the percent of the total material in the sample.
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the protein contained very little sialic acid and galactose but con-
siderable amounts of mannose. This suggested that the sialic acid-
rich glycoproteins were preferentially extracted before the mannose-
rich glycoproteins.

In order to investigate this further we extracted a microsomal
fraction (which also contains neuronal plasma membrane fragments)
with Triton X-100 to obtain a Triton soluble and a Triton insoluble
fraction. These two fractions were then analyzed for glycopeptides
(Fig. 6.). It can be seen that virtually all of the sialic acid-

SEPHADEX G50 CHROMATOGRAPHY OF THE GLYCOPEPTIDES FROM
THE TRITON-SOLUBLE AND -INSOLUBLE MICROSOMAL FRACTIONS

triton soluble
trilon insoluble o —ccocccomee-

PHENOL SULPHURIC ACID ABSORPTION  490nm

Fig. 6. Selective solubilization of microsomal membrane glycoproteins.

phenol sulphuric acid reaction after chromatography on
Sephadex G-50 of glycopeptides produced by pronase hydrolysis of
glycoproteins solubilized by Triton X-100., —-——--- phenol sulphuric
acid reaction after chromatography on Sephadex G-50 of glycopeptides
produced by pronase hydrolysis of glycoproteins remaining in the
Triton insoluble pellet.
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rich glycopeptides (S—-I)were extracted with the Triton as well as

a large quantity of the mannose-—glucosamine rich species (S-II).
However the Triton insoluble pellet contained only the S-II glyco-
peptides. These results suggest that the sialic acid-rich and man-
nose glucosamine-rich glycopeptides are derived in part from dif-
ferent peptide chains. Thus the latter species are not simply due
to microheterogeneity within a given glycoprotein, provided that
the microheterogeneity does not affect the solubility of the glyco-
protein. The above results also suggest an obvious means of a par-
tial fractionation of membrane proteins which could be readily com-
bined with polyacrylamide gel electrophoresis.

Conclusion

The present studies have provided a partial characterization
of the glycoproteins in synaptosomal plasma membranes. The mem-
branes are rich in protein-bound carbohydrate (6-8 percent of
protein). It has been reported (40) that there is a relatively li-
mited number of glycoproteins in these membranes, while there are
many other proteins. This suggests that the major glycoproteins
will be considerably richer in carbohydrate than is the total mem-
brane. It has been shown that two different types of carbohydrate
chains are present in the glycoproteins. One group, which appears
to be similar to glycopeptides of many well-defined soluble glyco-
proteins, contains sialic acid, fucose, galactose, mannose and
glucosamine. As well there is a lower molecular weight group which
contains mannose and glucosamine as the major components. The latter
species appears to be partially associated with different glyco-
proteins than those glycopeptides containing sialic acid and fucose,
since virtually all sialic acid glycopeptides are extracted by
Triton leaving a residue which is rich in glycopeptides containing
mannose and glucosamine. It is possible that there are glycopro-
teins present in the neuronal plasma membrane which contain carbo-
hydrate chains of glucosamine and mannose with a structure similar
to the carbohydrate chains found in such soluble glycoproteins as
ovalbumin (39) and rhodopsin (28).

Although no specific function is obvious at the present time
it is possible to envisage potential roles for these glycoproteins.
It has been claimed that after Triton treatment of synaptosomes the
synaptic complex is left partially intact (22). It is possible that
specific glycoproteins are present in this region and could be res-
ponsible for close intercellular contacts which may exist in the
synaptic complex. Such carbohydrate chains could also serve as
suitable precursors for the addition of other carbohyrates as has
been claimed by Barondes (3, 4). This suggestion, however, needs to
be carefully checked by well-controlled tests for the presence of
glycosyl transferases in these highly purified membranes. Initial
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studies (M. Reith, unpublished observations) indicate that galacto-
syl transferase is not enriched in these membranes in comparison to
the total homogenate.

In conclusion, the synaptosomal plasma membrane contains glyco-
proteins with carbohydrate chains which appear to be able to present
many flexible characteristics that would be useful for intracellu-
lar contacts or modification of the neuronal surface.Further studies
on their isolation, characterization and localization in the synapto-
somal plasma membrane should provide additional information concer-
ning their possible functions.
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SEPARATION AND CHARACTERIZATION OF MYELIN PROTEINS

E. MEHL

Max-Planck-Institut of Psychiatry, Division of
Neurochemistry - Munich (Germany)

Within the group of plasma membranes, isolated and studied
until now, the myelin membrane has a typical characteristically
low protein content of 20 percent (3,15,18) and a protein composi-
tion of reduced complexity, By work on isolated cerebral myelin,
the encephalitogenic basic protein was directly shown to be a myelin
protein (17, 18). Autilio (2) applied gel filtration in chloroform-
methanol and obtained a further myelin protein fraction comprising
55 to 65 percent of total myelin proteins. This protein fraction
had an amino acid composition almost identical to the classical
Folch-Lees proteolipid protein (13) which was extracted from cere-
bral white matter and subjected to a purification step.

As a more rigid criterion of homogeneity than gel filtration,
polyacrylamide gel electrophoresis with phenol-formic acid-water,
instead of aqueous buffers as conducting medium, was applied.Under
this condition, myelin was nearly completely dissolved and separa-
ted into about ten distinct protein zones. The Folch-Lees proteo-
lipid protein appeared as a narrow zone comprising 50 percent of
the total proteins and it was also present in cerebral myelin of
rat and carp despite their atypical basic proteins (23, 24). The
low molecular weight at 35,000 as determined by gel electrophoresis
across linear gradients of polyacrylamide with the phenolic solvent
as conducting medium could indicate that the proteolipid protein
migrated as a monomer instead of a composite complex of different
subunits (30), The presence of a third cerebral myelin protein
fraction especially rich in glutamic acid was indicated, as the
content of this amino acid in the total protein hydrolyzate of
myelin was too high to be accounted for by any possible combination
of the basic protein fraction and the Folch-Lees proteolipid protein
(35). The Triton-salt fractionation technique (10) is suitable for
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removal of this Wolfgram protein fraction as Triton-salt insoluble
residue and leads to a precipitation of the extracted proteolipid
fraction by depleting the Triton with ether, leaving the basic pro-
tein still soluble,

By means of polyacrylamide gel electrophoresis in the phenolic
solvent, three myelin types could be distinguished in the bovine
nervous system on the basis of their typical protein components (25).
The stoichiometric relations between the main proteins were deter-
mined (24). Some extensions of our previous work (23-25,30) and the
advantages of recent methods used by other groups are the contents
of the report,

The purity of isolated myelin fractions has been studied by
electron microscopy (18, 24), RNA analysis (3, 24) and determination
of enzyme activities (4, 18), Phenol- and SDS-polyacrylamide gel
electrophoresis (31) provide further criteria of its purity. After
gel electrophoresis in phenol-formic acid-water (14:3:3, w/v/v),
the extent of purification was apparent. The densitometric tracing
(Fig. 1) of myelin protein pattern indicated 10 zones in contrast
to the 25 protein zones of the sample of cerebral white matter. The

i
N
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0 0.25 05 075 10 Me
Fig. 1. Purity of isolated myelin. - Densitometric tracing of pro-
tein patterns of myelin (a) isolated from bovine cerebral white
matter (b). For gel electrophoresis a 7.5 % polyacrylamide gel with
phenol-formic acid-water (14:3:3, w/v/v) was used, Mc, mobility re-
lative to cytochrome c¢ ; B, myelin basic protein ; P, Folch-Lees
proteolipid protein.

oD
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two main proteins were identified as myelin basic protein and Folch-
Lees proteolipid protein upon co-electrophoresis with purified re-
ference samples (basic protein 16, proteolipid protein 6), The
multiple minor protein zones of the myelin fraction are the Wolfgram-
type proteins, as will be seen later. To study the question, whether
these minor proteins were myelin proteins or constituents of a con-
taminating particulate fraction, myelin was prepared by zonal rotor
centrifugation in a continuous sucrose gradient (8)., The protein
composition of the subfractions was studied by means of SDS-gel
electrophoresis (31) under modified conditions of sample dissolution
(20 mg of SDS per mg of protein)., The gels were stained according

to Weber and Osborn (32), Regarding the possible source of Wolfgram-
type protein, indication was obtained that myelin is contaminated

by a particulate fraction which critically resembles myelin in its
sedimentation characteristics. The concentration of the pair of
minor zones (Fig. 2) varied independently of the occurence of the

Fig. 2., Variability of minor protein zones in myelin subfractions,-
Myelin subfractions were prepared from 40 g of rabbit brain in a
continuous sucrose gradient by zonal rotor centrifugation after os-
motic shock (8). The sucrose concentration of the various subfrac-
tions is expressed as Mole/litre, Lower half, profile of protein
concentration of the gradient fractions, The subfractions were com-
pared by SDS (sodium dodecylsulphate) gel electrophoresis (31) on

a gel slab (15 g acrylamide and 0.2 g BIS per 100 ml). As a modi-
fication, the sample solution contained 2 % SDS and 0.2 % of protein,
10 yl samples were applied., B, basic protein ; P, proteolipid
protein,
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highly concentrated proteolipid protein plus basic protein, The

Wolfgram-type proteins were barely detectable at 0.52 M-sucrose,
Their concentration increased in such a way that they became the
major constituents at 0,88 M-sucrose, whereas the typical myelin
proteins were fading out,

A further question was, whether some of the Wolfgram-type
proteins might have escaped gel electrophoretic analysis because
of incomplete solubilization and incomplete disaggregation of the
myelin proteins, For a radiochemical approach, myelin was labelled
with L-leucine-1-14C (62 mCi/mmol). A dose of 30 1Ci was injected
intracerebrally to 3 week-old rabbits, The phenol-formic acid-
water (14:3:3, w/v/v) solvent solubilized labelled myelin up to
97.5 per cent at a protein concentration of 1 mg per ml, as judged
by the 14C-activity remaining in the supernatant upon 3 h of cen-
trifugation at 150,000 g at 20°, Up to 82 percent of the l%4C-acti-
vity were found in the supernatant, when myelin was solubilized with
20 mg SDS per mg of protein contained in one ml. Only 40 percent
of the activity was left in the supernatant, when we followed the
original method (31) using 0.6 mg of protein plus 1 mg SDS per ml.
In addition to the 2,5 percent of l4dc_1abelled proteins, insoluble
in the phenolic solvent, a further 2 percent (11 counts/min of
600 counts/min applied) were found left at the filter paper(sample
origin ) upon completion of electrophoresis, and 3 percent in the
unstained 2 mm-layer of large pore gel,

Cerebral myelin samples of various species were subjected to
gel electrophoresis in the phenol solvent (Fig., 3).The relative

Fig. 3. Electrophoretic protein pattern of cerebral myelin from
various species, Myelin samples containing about 0.02 mg protein
were separated on a 7 % polyacrylamide gel with phenol-formic acid-
water (14:3:3, w/v/v).
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mobility of each zone was expressed as a Mg value. This value re-
presents the ratio of the distance of zone from sample origin to
the distance of the cytochrome c marker from sample origin (5).The
myelin samples of all the species contained the Folch-Lees proteo-
lipid (M. 0,54) as a main constituent and also the basic protein
(Mc 0.82), except for the carp where the basic protein was replaced
by two protein zones (M. 0.71 and M, 1.00). In the myelin from rat
brain, a second basic protein (Mc 0.95) was present, which was in-
dependently established with acid extracts of rat brain (22)., These
two basic proteins of the rat were purified and the amino acid com-
position was determined (19). Since these atypical basic proteins
were also detectable in samples of freshly dissolved cerebral white
matter, their appearance as a result of proteolytic activity during
the myelin isolation procedure is unlikely. Densitometric evaluati-
ons of the electrophoretic patterns similar to those in Fig., 1.
were carried out, After gel electrophoresis of isolated reference
samples of basic protein and proteolipid protein, both proteins
bound the same amount of stain per mg of nitrogen within t 12 per-
cent, According to densitometric evaluations of cerebral myelin
samples from five vertebrate species in€luding chicken, a constant
relation of 1.0 : 0,690 (¥ 0.,013) : 0.4 was found for proteolipid
protein, basic protein, heterogeneous fraction of minor protein
zones, respectively, Upon the Triton-salt fractionation technique
and amino acid analysis, the relation was 1.0 : 0.6 : 0.4 for pro-
teolipid protein, basic protein, Wolfgram-type proteins, respecti-
vely, in human and bovine cerebral myelin (10)., This agreement of
results is one argument that the minor protein zones are Wolfgram-
type proteins. When examined by SDS gel electrophoresis, the
Wolfgram-type protein fraction (Triton-salt insoluble residue) was
indeed heterogeneous and consisted of components of higher molecu-
lar weight,

In contrast to the general constancy of the protein composition
of cerebral myelin, whether mammalian or chicken,different myelin
types exist at different anatomical sites in the bovine nervous
system (Fig. 4, 5, 6). An additional protein (M. 0.47) was present
in myelin from the spinal cord with a corresponding reduction in the
amount of proteolipid protein (M. 0.52), The concentration of the
proteolipid protein was found to be reduced in the anterolateral
columns of spinal cord (1) in comparison to cerebral white matter,
and differences in amino acid composition were established between
cerebral and spinal myelin (35). Peripheral nerve myelin was pre-
pared from the spinal roots (34). The main proteins (M, 0.72 and
Mc 0.91) were completely different from those of cerebral myelin,
The Folch-Lees proteolipid protein was not detectable, The Triton-
salt insoluble residue contained 50 percent of the proteins (10).
Wolfgram and Kotorii (34) established by acid extraction, proteo-
lytic treatment and amino acid analysis, that the myelin basic
protein was absent and that the Folch-Lees proteolipid protein was
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Fig. 4, Electrophoretic protein pattern of bovine myelin types.
Myelin was isolated from cerebral white matter, spinal cord white
matter,optic nerve and spinal roots (representing peripheral nerve),
For conditions see Fig, 1.

Fig. 5. Electrophoretic protein pattern of isolated bovine myelin
types. The 12 % gel slab was equilibrated with phenol-acetic acid-
6 M urea (2:1:1, w/v/v) pH 2.0 before electrophoresis., A similar
solvent has been used for electrophoretic separation of myelin
proteins of the rat (7).
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0 025 05 075 10 Mc
Fig. 6, Densitometric tracing of bovine cerebral myelin proteins
and tracing of myelin proteins from bovine peripheral nerve (spinal
roots). SDS gel electrophoresis was performed as described (Fig.2).

replaced in part by another type of protein., The results (Fig. 4)
were confirmed when gel and samples contained phenol-acetic acid-
6 M urea (2:1:1, w/v/v) (Ref. 7) (Fig. 5) or SDS (Fig. 6).

The relative amounts of the major protein components were de-
termined by densitometric quantitation of the stained protein zones
upon gel electrophoresis in the phenol solvent, The molecular weights
were determined by gel electrophoresis in phenol-formic acid-water
(Ref, 24) and phenol-acetic acid-water (Ref. 30) or in SDS gels
(Table I). The molecular weight of the basic protein (SDS) is in
accordance with the established data (27) in contrast to the figure
in the phenolic system. The molecular weights of the main compo-
nents of peripheral nerve myelin agree reasonably closely in the
two systems., Regarding Folch-Lees proteolipid protein, the molecular
weights of 35,000 (phenol) and 23,000 (SDS) could be explained (14)
by a trimer- and a dimer-state with the molecular weight of the
monomer at 12,000, On the basis of amino acid analysis, this figure
has been predicted as the minimum molecular weight (12), The figures
(Table I) are closely in line with a 1:1 stoichiometry of basic
protein and proteolipid protein. A high degree of order in the
supramolecular structure of myelin membrane is further evidenced
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TABLE 1

Stoichiometry of the Two Main Protein Components in Myelin from
Cerebral White Matter and from Bovine Peripheral Nerve

Myelin proteins Molecular weight Relative
SDS-method ™ Phenol method amount

Cerebral white :

Proteolipid protein A 23,000 35,000%T 1

Basic protein B 18,300 25,0001t 0.705Tt
Molar ratio (A : B) 1 : 0.89 1 : 1

Peripheral nerve :

Protein c 28,200 28,000 1
Protein D 14,700 17,000 0.45
Molar ratio (C : D) 1 : 0.86 1 : 0.74

+Method of Weber and Osborn (32). ++Average for ox and guinea pig.

by the constant quantitative relation between these two proteins in
five species. If the monomer of 12,000 would exist, a 2:1 stoichio-—
metry follows.

The 1 : 1 stoichiometric relation was taken as an indication
that the intact myelin membrane might contain heterodimers of the
basic protein and the proteolipid protein as the two subunits. To
capture this dimer of molecular weight 41,000 (18,000 + 23,000),
cerebral myelin, | mg protein/ml, was reacted with the cross—linking
reagent N—ethyl-N'(3-dimethylaminopropyl) carbodiimide HC1 (K&K Lab.
Plainview, N.Y.) for 60 h at 4°. Six mg of reagent were used per ml
of 20 mM phosphate buffer (pH 7.4). After dissolution of cross—lin-
ked samples along with control samples in SDS, such a dimer was not
detectable by means of SDS gel electrophoresis (Fig. 7). In sample B,
the basic protein (zone 2) was not detectable and nearly completely
prevented from entering the gel, as indicated by an arrow at the
origin. This polymerization of basic protein was not detectable,
when myelin was dissolved in SDS before addition of the reagent
(control A). Proteolytic loss of basic protein was excluded by the
control C, which was maintained at 4° as long as B. Reaction products
of the reagent were stained with Coomassie blue (zone 3). This poly-
merization of basic protein indicated that the basic protein mole-
cules contact each other in the intact membrane.

What are the arguments for homogeneity of the zones as sepa-
rated by means of gel electrophoresis with phenol-formic acid-
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Fig. 7. Effect of cross-linking reagent on the intact myelin mem-
brane. Myelin samples were reacted with a cross-linking reagent

for 60 h at 4° and subjected to SDS gel electrophoresis.Control A,
myelin was dissolved with 2 % SDS prior to the addition of reagent;
B, myelin sample with cross-linked basic protein ; control C,myelin
was incubated without reagent as a control for autolysis ; control
D, mixture of C and 60 h-old reagent solution as a control of un-
affected solubility in SDS. For further conditions see text.

water? The use of gel electrophoresis with this solvent for deter-
mination of molecular weights established that separation is mainly
based on differences in molecular size (30), The acidic conditions
which were necessary for solubilization of myelin proteins might
obscure minor charge differences which would be detectable under
electrophoretic conditions nearer to the isoelectric point of the
protein, Myelin basic protein separated as one zone at pH 2,4 and
was resolved into a fast and a slow zone when electrophoresed at

pH 10,6 (21). The fast component was non-enzymatically transformed
into the more slowly migrating zone depending on the conditions of
storage in chloroform-methanol (20). To obtain additional arguments
for the homogeneity of the zones as they appear after gel electro-
phoresis in the phenol-formic acid system, the proteins were iso-
lated in that solvent system,
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Molecular exclusion chromatography, using Biogel P-10 (200 -
400 mesh, exclusion limit 10,000, Bio—-Rad Laboratories) and the
solvent phenol-98 percent (w/w) formic acid-water (14:3:3, w/v/v),
were applied for the preparative separation of myelin into proteins
and lipids. After washing a batch of Biogel with 0.2 M-ammonium
sulphate solution containing 0.2 M - NaCl, the gel was washed with
distilled water until free of chloride ions. The Biogel was dehydra-
ted with methanol and dried under reduced pressure. After soaking
in the phenolic solvent overnight, the gel was packed into a chro-
matography columm (2.5 x 42 cm). A 100-200 mg sample of the freeze-
dried pig myelin was dissolved in 10 ml of the phenolic solvent.The
solution passed through the column at a rate of 10 ml per hour and
the main protein peak appeared when 60 ml of effluent had left the
columm. Fifty ml of protein-containing effluent were mixed with
54 ml of 50 percent (v/v) acetic acid and 52 ml of benzene. The
purified protein was in the benzene-rich upper phase and the basic
protein in the lower one. No insoluble material was detectable at
the interphase. For further purification of the proteolipid protein,
the upper phase was washed with a freshly prepared (protein-free)
lower phase. As studied with bovine myelin, the myelin proteins
were separated from the lipids after the step of gel filtration in
the phenolic solvent (Fig. 8). The protein fraction contained less
than 0.1 7 phosphorus per mg of protein. This result made it
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Fig. 8. Molecular exclusion chromatography of freeze-dried bovine
myelin. The solvent was phenol-98 7 (w/w) formic acid-water (14:3:3,
w/v/v). 10 ml of a 1 percent (w/v) solution of myelin were passed
through a column (2.5 x 42 cm) of Biogel P-10 (nominal exclusion
molecular weight 10,000). The fraction volume was 12 ml. Myelin
proteins in nos. 5-8 ; phospholipids in nos. 12-16. The phenolic
solvent dissociates the myelin into its proteins and lipids.
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Fig. 9. Test of homogeneity of myelin proteins, after isolation by
phenol-formic acid-benzene distribution., Densitometric tracing of
Folch-Lees proteolipid protein (upper phase,P)and the basic protein
plus Wolfgram-type proteins (lower phase, B), Samples of 20 ul

were separated by gel electrophoresis with the phenolic solvent.

possible to electrophorese dissolved myelin samples without any
preceding lipid extraction, The homogeneity of the isolated Folch-
Lees proteolipid protein (benzene-rich upper phase) and of the
basic protein (lower phase) was tested by analytical electrophoresis
on aliquots of the phases before lyophilization (Fig. 9). The pro-
teolipid protein completely penetrated into the gel as one zone
corresponding to a molecular weight of 35,000, The protein was
nearly quantitatively distributed into the benzene-rich upper phase,
thus behaving as homogeneous proteolipid protein. The amino acid
composition was essentially the same as that of other proteolipid
protein preparations (Table 1I). Therefore, the main zone (M 0.54)
was indeed the Folch-Lees proteolipid protein., The lower phase
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TABLE II

Comparison of the Amino Acid Composition (Mole %) of the
Folch-Lees Proteolipid Protein after Various Preparation Techniques

Source Cerebral white matter Myelin Myelin
(Bovine) (Pig) (Bovine)

A B C D
Lysine 4.5 4.3 4,4 4.8
Histidine 2.3 1.9 1.9 2.3
Arginine 2,6 2.6 2,2 3.0
Aspartic 4.0 4,2 3.7 4.4
Threonine 8.4 8.5 8.9 8.6
Serine 5.2 5.4 6.5 6.7
Glutamic 5.9 6.0 6.1 6.6
Proline 2.8 2.9 2.5 2.3
Glycine 10.4 10.3 10,1 11,0
Alanine 11.9 12,5 11,1 11.8
Valine 7.4 6.9 5.9 7.0
Half-cystinet 2.9 4,2 5.7 2.4
Methionine 1.3 1.7 1.5 0.5
Isoleucine 5.1 4.9 5.0 5.3
Leucine 11.5 11,1 11.8 11.1
Tyrosine 4.4 4,7 4,7 4.0
Phenylalanine 8.2 7.8 8.1 8.0

tUncorrected for degradation caused by acid hydrolysis, A) data
from Ref, 35 ; B) data from Ref, 29 ; C) prepared by phenol-acid -
benzene distribution (hydrolysis for 20 h at 110° with 6 N-HCl in
vacuum-sealed tubes, Beckman-Spinco model 120 amino acid analyzer);
D) prepared by the Triton-salt technique, Data from Ref. 10,

contained myelin basic protein plus Wolfgram-type protein zones,
In comparison to isolated myelin basic protein (26) this purified
fraction contained only 20 percent instead of 25 percent of basic
amino acids,

The reliability of the analytical polyacrylamide gel electro-
phoresis of myelin proteins with phenol-formic acid-water (14:3:3,
w/v/v) as buffer was thus tested under various aspects,The method
was used to study proteolytic changes of myelin proteins during
demyelination (28), A modified technique was applied for analysis
of the occurence of myelin proteins during the period of myelination
(9). The proteolipid protein obtained by the Triton-salt technique
behaved as a homogeneous protein in phenol-formic acid-water (2:1:1,
w/v/v) gels (11), This modified electrophoretic system had a
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disadvantage, since the proteolipid protein migrates as an aggre-
gated compound of a molecular weight comparable to serum albumin,
Replacement of phenol-formic acid by trichloroethanol-formic acid
for gel filtration and polyacrylamide gel electrophoresis has the
advantage that analytical as well as preparative polyacrylamide
gels can be prepared in the presence of the organic solvent (33),

Summarizing for isolated cerebral myelin, the Folch-Lees pro-
teolipid protein accounts for 50 percent of the proteins as a homo-
geneous component, in both SDS- and phenol-formic acid-polyacryl-
amide gel electrophoresis systems, The molecular weight in the for-
mer and the latter system was determined as 23,000 and 35,000 res-
pectively, Excepting the unusual basic proteins of rat and carp,

1 mole of basic proteins occurs together with 1 mole of proteolipid
protein in cerebral myelin membrane. This indication of basic pro-
tein and proteolipid protein as subunits of a dimer complex could
not yet be demonstrated by cross-linking reagent techniques, Basic
protein and proteolipid protein partition as homogeneous proteins,
when purified in a two-phase system of phenol-formic acid-benzene.
The occurence of additional minor proteins in myelin is variable
and depends greatly on the purity of the isolated myelin,

In spinal myelin, an additional proteolipid protein of higher
molecular weight is present with a corresponding reduction in the
amount of Folch-Lees proteolipid protein,

According to the molecular weight determination in the two
gel-electrophoretic systems, peripheral nerve myelin contains a
28,000-protein as main component and a 15,000-protein,

Cross-linkage experiments indicate that the basic protein
molecules contact each other in the membrane of cerebral myelin,

Reference is made to semi-preparative gel electrophoretic
methods and the advantages of the Triton-salt fractionation tech-
nique,
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By comparison to the large amount of work that has been carried
out on myelin lipids in health and in disease, scanty attention has
been paid until recently to myelin proteins. Indeed what was known
about central myelin proteins in the late fifties had been surmised
from the differences in composition between central gray and white
matters, and from the changes in composition during maturation of
the central nervous system. It could have been summarized by stating
that neurokeratin (8), and the then recently recognized proteolipids
(12) were most likely components of central myelin. Neurokeratin
was the gastric juice, pancreatic juice resistant fraction of de-
fatted brain proteins. Its occurrence had been known for almost a
century, and in the fifties it had been prepared by improved methods
as a trypsin-resistant protein residue (TRPR) (24). Proteolipids
were a group of protein-lipid complexes that had been isolated from
brain tissue in 1951, and which had the property of being insoluble
in aqueous solutions, and soluble in chloroform—methanol mixtures
(12). TRPR and proteolipids were obtained in parallel from a single
tissue sample by extraction with chloroform—methanol : the extract
contained the proteolipids, and TRPR was obtained by tryptic diges-—
tion of the chloroform—methanol insoluble tissue residue. The two
materials were similar in amino acid composition, in their insolu-
bility in aqueous solutions, and in being resistant to the action of
most proteolytic enzymes. This left, as main difference between the
two, the insolubility of TRPR in chloroform—methanol as compared to
the ready solubility of proteoclipids in the same solvent mixtures.

Peripheral nervous system myelin was known to contain neuro-
keratin, but only very small amounts of proteolipids (9, 13).

171
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The isolation of central myelin by subcellular fractionation
spurred the study of myelin proteins. The unexpected finding that
isolated central myelin was almost completely soluble in chloro-
form-methanol (3,22) suggested originally that all of its protein
was proteolipid in nature. A number of observations, however,soon
indicated that the solubility of myelin in chloroform—methanol was
misleading and that proteins other than proteolipids were present
in myelin. Thus, Laatsch et al. (22) isolated from it a basic anti-
genic protein which produced allergic encephalomyelitis. This pro-
tein was quite different from proteolipids. Autilio (2), by per-
meation on polystyrene gels, was able to separate from central
myelin, a proteolipid fraction, and a second fraction with the
amino acid composition of the basic antigenic protein. In additionm,
Lees (26) demonstrated that when brain tissue homogenates were
freed of diffusable electrolytes, chloroform—methanol dissolved
proteins other than proteolipids, i.e.,simple solubility in
chloroform-methanol was not enough for a strict definition of pro-
teolipids. In 1966, Wolfgram (41) described an acid-soluble proteo-
lipid which was markedly different from the classical proteolipids,
and subsequent authors traced the Wolfgram fraction to isolated
myelin (7, 20).

Briefly, it appears at the present time that central myelin
contains at least three different proteins or types of protein,
to wit, the classical proteolipids, the basic antigenic protein
responsible for allergic encephalomyelitis, and the Wolfgram frac-
tion. The mutually confirmatory results of several groups (2,7,20)
indicate that these three fractions represent approximately, pro-
teolipids one-half, basic protein one-third, and Wolfgram's
fraction one-sixth of central myelin proteins.

The proteins of peripheral myelin have received less attention
than central myelin proteins, presumably because of the difficul-
ties inherent in the isolation of peripheral myelin. However, it
is clear that they are different quantitatively, and possibly qua-
litatively from the proteins from central myelin (7, 31, 42).

Up to now, the progress made in our knowledge of myelin pro-
teins has thrown little light on the nature of neurokeratin, and
its relationship, if any, with the three different fractioms that
are known to occur in central myelin. This may indicate an exclu-
sively extramyelinic origin of neurokeratin. It is more likely,
however, that neurokeratin (or TRPR) represents, at least in part,
a degraded form of the classical proteolipids.

Fractionation of central myelin proteins. — The quantitative
separation of the three different protein fractions from central
myelin was carried out in 1968 by Eng et al. (7) by the use of
0.5 % Triton X-100 in 0.5 M ammonium acetate.
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More recently the same result has been obtained by a simpler
procedure by Gonzalez-Sastre in our laboratory (20). The method is
based on the observations that Wolfgram's proteolipid is insoluble
in neutral chloroform—methanol mixtures, and that the encephalito-
genic basic protein is insoluble in chloroform-methanol in presence
of electrolytes. In this method myelin, isolated by one of the stan-
dard methods of subcellular fractionation, is dissolved in chloro-
form-methanol. The solution is then centrifuged at about 1000 g for
10 min or until clear. A small amount of insoluble residue is thus
collected. It amounts to 2 percent or 3 percent of the dry weight
of myelin, i.e., 10 percent to 15 percent of the total proteins
present. The supernatant is then diluted by addition of 1/20th its
volume of 0.5 M KCl. A precipitate is formed which is collected by
centrifugation. We thus have divided myelin among three different
fractions : the original chloroform—methanol insoluble fraction (I),
the subsequent fraction insoluble in chloroform—methanol-KC1l mixture
(I1), and the final supernatant (III). These three fractions have
been analyzed chemically, and by polyacrylamide gel electrophoresis.
It has been found that I has the electrophoretic mobility and the
amino acid composition of Wolfgram's proteolipid (Table I) ; that II
has the mobility and the amino acid composition of the basic anti-
genic protein, and that III has mobility and an amino acid composi-
tion indistinguishable from those of classical proteolipids. The res-
pective amounts of these three fractions as percent of total myelin
protein are : Wolfgram's proteolipid : 15-17 percent ; basic protein:
30 percent ; classical proteolipids : 50-55 percent. These values
are very close to those obtained by Eng et al. (7).

Proteolipids

In 1951, Folch and Lees (12) described the presence in brain
tissue of a protein material which was insoluble in water and aqueous
solvents and soluble in chloroform—methanol mixtures. Since all other
known proteins were completely insoluble in these solvent mixtures,
it was assumed that the proteins involved were combined with a lipid
moiety that lend to the complex its particular 1lipid-like solubility.
To designate this new type of substances, they coined the term
proteolipid to indicate that they were lipoproteins with some of the
physical properties of lipids, in sharp contrast to other then known
lipoproteins which were soluble in water and aqueous solutions, and,
not only insoluble in chloroform-methanol, but usually rendered in-
soluble in water (''denatured") by exposure to this particular solvent
mixture.

The first indication of the occurrence of proteolipids was the
observation that chloroform-methanol extracts from brain tissue,
presumably freed of non-lipid substances by washing with water (11,
14) , contained protein material, and that this material was not re-
moved by water washing, even when the washing was repeated up to
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six times. The presence of this protein material in the extract
was revealed by the fact that when the unwashed extract was taken
to dryness by evaporation of the solvents, the resulting residue
proved to be only partly soluble in chloroform-methanol, or in
water, The fraction insoluble in both these solvents was found to
be a protein that contained 14 % N, 1,76 % S, and which, upon ade-
quate acid hydrolysis, liberated over 91 percent of its N as free
amino acids (Table II), From the washed extract, the same material
could be isolated by taking it to dryness provided the extract was
first diluted with methanol and water to a final solvent composition
similar to that of the unwashed extract, i.e., the washed extract
was diluted with one-half its volume of methanol, and about 7 per-
cent its volume of water, The presence of substantial water in the
mixture, which resulted in the formation of a biphasic system in
the course of the evaporation of the solvents, was a necessary re-
quirement for the insolubilization of the protein material, Appa-
rently, the protein in solution in the chloroform-methanol would
accumulate at the interface of the biphasic system and there under-
go a 'denaturation' process which would render it generally inso-
luble,

TABLE II

Amino Acid Composition of Protein Moiety from
White Matter Proteolipid

Constituent amino acids Amino acid (g/100 g) protein

N

Leucine and-or isoleucine
Methionine

Tyrosine

Proline

Alanine and glutamic acid
Threonine

Aspartic acid

Serine

Glycine

Arginine

Lysine

Histidine

Cystine

Total

= =
o e o e
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Distribution of proteolipids, - Although especially abundant
in nervous tissue, proteolipids are also found in a wide variety of
animal and vegetable tissues. Bovine tissues that have been analy-
zed for proteolipids contain the following amounts of proteolipid
protein (mg/g fresh tissue) : heart muscle, 3.5 : kidney, 2.0 ;
liver, 1.6 ; lung, 0.95 ; uterus, 0.6 ; biceps, 0.4, In spinach
chloroplasts (44) they represent 2-4 percent of dry weight. These
values are only indicative because the yields obtained may have
been incomplete., In general, proteolipids appear to occur in mem-
branous structures : in heart muscle they are recovered mainly in
the mitochondrial fraction (21), in central white matter, they are
mainly myelin components,(2) and ,in gray matter,they are found in
various subcellular membranes (23,25),

In the nervous system, proteolipids are found at highest con-
centration in white matter (20-27 mg/gram fresh tissue), and at
about 1/5 to 1/10th this concentration in gray matter (1,12),
peripheral tissue they are present at only 1/20th to 1/80th their
concentration in white matter (9, 13), They are absent, or present
below the level of detection, in fetal brain and their appearance
and progressive accumulation is concurrent with myelination (10).

Purification of central white matter proteolipids, - A large
amount of work has gone not only into the purification of proteo-
lipids proper, 1i.e., the separation of the protein-lipid complex
from adventitious lipids, but also into the preparation of the
protein moiety free of lipids, i.,e., the proteolipid apoprotein.

It has been found that proteolipids can be concentrated by solvent
fractionation, by differential centrifugation, by dialysis in or-
ganic solvents, by gel permeation, or by a combination of these
procedures, The specific procedures that have been developed are
i) the "fluff" method of Folch and Lees (12) which was the one
first used for the separation of proteolipid-enriched fractions
from the tissue chloroform-methanol extract, The extract is over-
laid with at least 5-fold its volume of water, Eventually, a "fluff"
accumulates at the interface, which can be collected by freezing.
From this fluff, by solvent fractionation, two preparations, proteo-
lipids A and B are obtained, From the chloroformic solution under-
lying the fluff, a proteolipid C is obtained by solvent fractiona-
tion, ii) The emulsion-centrifugation procedure (15) is based on
the difference between the specific gravity of protein and that of
lipids, The lipid and proteolipid mixture recovered from a washed
lipid extract (14) is emulsified in 30-fold its weight of water ;
by centrifugation, proteolipids are collected quantitatively at

the bottom (crude proteolipid), leaving the majority of lipids in
emulsion in the supernatant. From the pellet, by solvent fractio-
nation, a "concentrated proteolipid" preparation is obtained, iii)
By dialysis in organic solvents (27, 33), free lipids diffuse
through the dialysis membrane, whereas the proteolipids are re-
tained by it. At the completion of dialysis, the retentate contains
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proteolipids freed of the greater part of lipids, iv) In gel per-
meation, as in dialysis, the proteolipids are separated from free
lipids because of their larger molecular size. Using polystyrene
gel, Autilio (2) was able to separate proteolipids from isolated
myelin, Later, Mokrasch (32), by combining precipitation with ethyl
ether with permeation on Sephadex LH20, obtained a highly enriched
preparation of proteolipids, Finally, Soto et al, (35) used also
Sephadex LH20 in the purification of proteolipids from white matter
and from gray matter, From the latter they were able to separate a
distinct fraction which exhibited many of the properties postulated
for an acetylcholine receptor, and for which the function of physio-
logical receptor is being claimed (5),

Since these procedures were not always designed to yield pro-
teolipids of the highest possible protein content, the different
products obtained show a wide range of variation in composition
(Table III). The preparations with the highest protein content,
which are those obtained by dialysis or by gel permeation, still
contain about 15 percent lipids or more, These lipids, which are
the most firmly bound to the protein, are mainly, if not exclusive-
ly, phosphatidylserine, sulfatides and polyphosphoinositides, i.e.,
they are acidic lipids., They appear to be bound to the protein
moiety by ionic linkages. They can be removed in part by chromato-
graphy on silicic acid (30), or on a Dowex 1-X2 (32), both proce-
dures yielding products with about 95 percent protein (Table III),
To remove the lipids completely, however, it is necessary to submit
the proteolipid to dialysis in chloroform-methanol acidified by ad-
dition of concentrated HCl to a final HCl concentration 0,04 N, A
protein is then obtained which contains only traces of some lipids,
with the exception of 2 to 4 percent covalently bound fatty acids
(see below), It is the proteolipid apoprotein,

The chromatography of proteolipids on silicic acid has been
carried out by Matsumoto et al. (30) with preparations obtained
by the emulsion-centrifugation procedure, Typical conditions are a
10 mm inner diameter column packed with 4 g silicic acid and loaded
with about 70 mg of a preparation containing 60 percent protein.The
column is eluted with a discontinuous gradient of chloroform-metha-
nol-water mixtures of increasing polarity starting at 85 percent
chloroform and ending with chloroform-methanol (1:1, v/v) contai-
ning 12 percent 0,05 N HCl, Free lipids appear at 85 and 75 percent
chloroform, and three protein peaks appear at 75, 70 and 50 percent
chloroform (acidified), No difference is found among the three
protein peaks in amino acid composition (Table IV) and in the nature
of the up to 5 percent lipids that each contains, which are mainly
polyphosphoinositides,

The preparation of maximally delipidated apoprotein was first
carried out by Tenenbaum and Folch-Pi (37), It consisted in dialy-
zing a washed lipid extract against chloroform-methanol (2:1,v/v)
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(CM) for seven days with daily changes of the diffusate, followed
by dialysis for seven more days against chloroform-methanol-HCl,
2:1:0.04 N (CM.HC1), followed by dialysis against a series of outer
phases in which water was replacing gradually the organic solvents,
until those were completely eliminated. The final retentate con-
tained a 'water-soluble proteolipid protein'".

Properties and composition of proteolipids. - The different
proteolipid preparations obtained by the foregoing procedures are
freely soluble in chloroform—methanol mixtures, and insoluble in
water and in aqueous solutions. In the biphasic system chloroform—
methanol-water (8:4:3, v/v) they will concentrate quantitatively in
the lower chloroformic phase, and will be completely absent from
the upper methanol-water phase (with the exception of the last pro-
tein peak eluted from silicic acid column : about 1/5 of the pro-
tein partitions into the upper phase). The retention of the origi-
nal solubility properties throughout the gradual removal of lipids
forces the conclusion that the characteristic solubilities of pro-
teolipids must be explained in terms of the conformation of the
protein moiety. Studies of some of these preparations by optical
rotatory dispersion (ORD) (34, 43) show that proteolipids are cha-
racterized by a high content of a-helix which remains unchanged
throughout the procedure of gradual delipidation. Upon removal of
the last traces of lipids, the resulting apoprotein proves to be
soluble in water, although still retaining its solubility in orga-
nic solvents. The newly acquired solubility in water is paralleled
by a decrease of the a-helix content to below the detectable limits
(< 10 %), i.e., there is a conformational change which apparently
makes available to the medium the hydrophilic groups of the protein
which in the starting proteolipids must have been buried inside
the molecular structure.

The solutions of proteolipids in chloroform—methanol (2:1,v/v)
are very stable and they keep for years without developing turbi-
dity or precipitates, even at room temperature. They can be taken
to dryness by evaporation of the solvents without loss of solubili-
ty of the proteolipids in the residue, provided the evaporation
takes place at 40° or lower, and provided no biphasic system deve-
lops in the course of the evaporation. The formation of a biphasic
system results in partial or total insolubilization of the proteo-—
lipid protein unless corrected immediately by addition of a proper
solvent (usually methanol). A similar result is obtained by expo-
sing the proteolipid solution in a biphasic system to slight alka-
linity, in presence of ions : for instance, at pH 8.8, in the bi-
phasic system chloroformmethanol-water (8:4:3, v/v) proteolipids
will become insoluble to an extent which is proportional to the
logarithm of the ionic strength, between 0.001 and 1.0 M NaCl (39).
The same result is obtained with Naj or K5 citrate solution.



PROTEOLIPIDS 181

All the proteolipid preparations have been found to be resis-
tant to the action of pepsin, trypsin, papain and erepsin., This
resistance is not due to the presence of lipids because it persists
in the apoprotein., The only enzyme that attacks proteolipids is
pronase, although the extent of this susceptibility has not been
thoroughly explored, In addition, Lees et al, (29) have reported
that trypsin attacks proteolipids in presence of Triton X-100,

The chemical composition of the various proteolipids is given
in Tables III and IV, Values given for proteolipids A, B and C are
merely indicative because both yield and composition vary widely
according to the exact conditions used, The other methods of pre-
paration yield more consistent products, It can be seen that,where-
as from the amino acid composition,the protein moiety appears to
be the same in all preparations, the lipid "moiety" varies accor-
ding to the procedure of preparation . Fractionation by solvents,
emulsion-centrifugation, permeation on Sephadex LH20, and dialysis
in CM separate, from the protein, cholesterol and the bulk of
cerebrosides, and sulfatides and phospholipids; hence these lipids
are bound to the protein, if at all, by labile bonds that are easi-
ly disrupted. Most remaining phospholipids are removed by chromato-
graphy on silicic acid leaving only polyphosphoinositides (30) ;
the small amount of neutral sugars most likely correspond to sul-
fatides, With Dowex 1X2 a similar removal of lipids is attained,
although no information is available on the exact nature of the
lipids still remaining., Finally, with dialysis in CM,HCl, the
highest degree of delipidation is obtained, which proves that the
most tightly bound lipids must be bound through ionic linkages.,

The amino acid composition of the different preparations up
to and including the apoprotein, shows that the amino acid pattern
of proteolipids is not affected by the previous procedures of
purification. The amino acid pattern has the following characteris-
tics : a) a relative scarcity of basic and acidic amino acids
arginine, lysine, and histidine account jointly for less than 10
percent of amino acids in the hydrolysate, and aspartic and gluta-
mic amount jointly to about 10 percent, b) There is a relative
abundance of the so-called non-polar amino acids, i.e., amino
acids that, when combined in a peptide chain, offer only non-polar
groups to the medium : leucine, isoleucine, valine, glycine, pro-
line, phenylalanine, and alanine amount to 57-58 percent of amino
acids, If tryptophan is added, about 60 percent of amino acids are
non-polar. The relatively high concentration of tryptophan is in-
dicated by the high absorption at 280 nm, c) There is a relative
abundance of methionine and half-cystine, as is to be expected
from the high concentration of sulfur in proteolipid protein (1.76
percent)., Lees et al, (28),in a study of the conditions necessary
for the preparation of the carboxymethylcysteine derivatives of
proteolipids, have shown that the protein contains both sulfhydryl
and disulfide groups, but the sulfhydryl groups are difficult to
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demonstrate. They are available for reaction with alkylating agents
only in the presence of sodium dodecyl sulfate, and a portion of
them react slowly. Approximately one-third of the half-cystine re-
sidues exist in the sulfhydryl form when exposed to SDS ; the re-
mainder occurs in disulfide linkages which must be reduced before
alkylation can occur.

Recent Studies on Proteolipids

Preparation of an improved preparation of proteolipid apo-
protein. — The "water-soluble proteolipid protein'" obtained by
Tenenbaum and Folch-Pi (37) was in the form of a final aqueous
retentate which contained about 0.1 percent protein. The protein
precipitated at neutral pH. If lyophilized, the residue proved
either insoluble in water or soluble only below pH 5, and even this
solubility was lost upon standing a few days. The protein was still
soluble in CM. ORD measurements showed it to have no measurable
a~helix content, compared to the high helicity exhibited by the
starting proteolipid.

Because of its instability, this preparation did not lend it-
self to study by the classical methods of protein chemistry. There-
fore, the whole question of its preparation was reinvestigated with
the result that an improved and simplified method of preparation
has been developed. It yields a consistent and stable preparation
of proteolipid apoprotein, upon which extensive studies have been
carried out. The scrutiny of this procedure has dealt with (i) con-
ditions of extraction, (ii) conditions of dialysis with a view to
maximal efficiency of delipidation and minimal exposure to acid
and (iii) study of the process of passage from CM to water medium.

(1) In the classical procedure of extraction (11) the tissue
is homogenized with 19-fold its volume of chloroformmethanol (2:1,
v/v) (CM),the homogenate filtered, and the filtrate treated by ad-
dition of 1/5 its volume of water. The lower phase from the resul-
ting biphasic system represents essentially a total lipid extract,
and contains the proteolipids. Only polyphosphoinositides remain in
the CM insoluble residue ; they are extracted from it with C-M-12 N
HC1 (200:100:1, v/v) (CM.HC1).

The procedure has been modified and consists now of homogeni-
zing one volume of tissue with five volumes of chloroformmethanol
(1:1, v/v) and 0.50 volumes of aqueous 2M KCl. In the resulting bi-
phasic system, the lower phase contains essentially all of the tis-
sue lipids and proteolipids, including the polyphosphoinositides
(PPI) (Hayashi et al., personal communication). The upper phase con-
tains gangliosides, non-proteolipid protein, and low molecular
weight tissue components.
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The new procedure represents a gain in manipulation and time,
and a saving of solvents. It does not seem to affect the quality of
the final product, and the apoprotein it yields appears to be iden-
tical in all aspects with the one obtained from extracts prepared
by the classical procedure.

The extractibility of polyphosphoinositides under these con-
ditions corresponds to the experience of Garbus et al. (19) who
first described this technique for the extraction of polyphospho-
inositides from mitochondrial suspensions.

(ii) Dialysis has been followed under varying conditions, both
as to rates and as to the nature of diffusates and retentates. The
main points established are : a) Dialysis proceeds fastest in CM-
HC1 (2:1:0.01, v/v). In neutral CM mixture, the rate of dialysis is
affected adversely by the presence of substantial amounts of water,
and, near saturation, (ca. 8 percent) dialysis ceases altogether.
b) In neutral solvents, dialysis will yield eventually proteolipids
containing up to 80-85 percent protein and 15 to 20 percent lipids.
These are mainly acidic lipids and presumably combined with the
protein through iomic linkages.

In the first stage of dialysis protein material diffuses through
the membrane to a variable extent, usually 10 to 15 percent of the
total protein present. It has been possible to recover this dia-
lyzable protein and to analyze it (17). It has proved to be undis-
tinguishable from classical proteolipids, in resistance to proteo-
lytic enzymes, end-groups (40) and presence of fatty acids bound
covalently to the protein (see below) ; its amino acid composition
is also undistinguishable from that of classical proteolipids in
all features except for a lower content of half-cystine in some of
the preparations. It has not yet been established whether this dif-
ference is fortuitous or significant.

(iii) Dialysis in CM-HCl is a necessary step for completion of
the delipidation of the proteolipid protein. Besides protonating
acidic lipids, thus permitting their removal by dialysis, the expo—
sure to acid may have a chemical effect : sulfatides are desulfated,
and polyphosphoinositides and phosphatidylserine are deacylated in
a matter of hours in the acidified solvent mixture that is used. The
protein appears to have a protective effect against this chemical
hydrolysis by the acid because proteolipid protein exposed to the
acid medium for several days still contains sulfatides detectable
on TLC. Hence, the mechanism of action of the acid may be the
dissociation of the protein-acidic lipid ionic linkage by proto-
nation, followed by dialysis of the resulting free lipid. The
persistance of sulfatides in acid in presence of protein for a
length of time several-fold that required for their hydrolysis in
the absence of protein, would indicate that the dissociation of
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the lipids from the protein may require some time, possibly because
some of the ionic lipid-protein linkages would only become avail-
able for protonation after some intramolecular rearrangement, Since
complete delipidation can be obtained as well at -12° as at room
temperature, it appears on the whole that the basic mechanism of
delipidation by acid is protonation, and that chemical hydrolysis
plays only an ancillary role.

After removal of acidic lipids, proteolipid protein may form
complexes with sphingomyelin, upon return to a neutral medium,
Whether due to some rearrangement in the protein molecule, or sim-
ply a consequence of the removal of the competing acidic lipids,
these de novo formed sphingomyelin-protein complexes are not dis-
sociated by additional dialysis in acidified chloroform-methanol,
with the result that the final retentate consists of the sphingo-
myelin-protein complexes instead of the delipidated apoprotein,To
prevent the formation of these complexes, dialysis in acid medium
must be continued until 85 percent or more of the solutes in the
starting extract have diffused out (Table V),

Protracted exposure to acid decreases the amount of fatty
acids esterified in the apoprotein (Table V),

(iv) The passage of the retentate from chloroform-methanol to
water by successive dialysis against mixtures of changing compo-
sition has been completely eliminated. It has been replaced by
fast removal of the solvents in a stream of nitrogen by evaporation
to dryness in a vacuum. In this procedure chloroform is removed
mainly as an azeotrope with water,

Preparation of white matter proteolipid apoprotein. - Central
white matter is extracted by the two phase-KCl method and the lower
phase obtained by centrifugation is dialyzed against several changes
of 10-fold its volume of CM, preferably in the dark and at 4°,When
2/3 of the starting total solutes have dialyzed out, dialysis is
continued against CM,HCl, until at least 85 percent of the solutes
in the starting lower phase have been removed, Then dialysis is
continued further for at least 5 changes of neutral CM, or until
the solutes in the outer fluid amount to 0.05 percent of less of
the starting solutes, whichever is longer., The length of time re-
quired to reach these levels of dialysis varies from sample to
sample of dialysis tubing and it can be as little as 2 days to
reach diffusion of 2/3 of starting solutes, and 4 days to reach
more than 85 percent, to two-fold or three-fold these lengths of
time,

The final retentate is usually clear and contains about 5 mg
apoprotein per ml. Upon evaporation ,it yields the apoprotein as a
residue which has a characteristic glass-like appearance in the
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sense that apoprotein samples that have not been maximally delipi-
dated will give a whitish residue.

Preparation of the water-soluble apoprotein, - The apoprotein
recovered from the retentate is freely soluble in CM and in many
other organic solvents,and it is completely insoluble in water, To
render it water-soluble it is necessary to make it pass from solu-
tion into chloroform-methanol into solution in water by placing the
CM solution in, or under, a stream of nitrogen, which removes chlo-
roform preferentially (18), When about 4/5 of the weight of the so-
lution has thus been removed, water is added to the concentrate un-
til cloudiness develops, or until a volume of water equal to the
concentrate has been added. Passage of nitrogen is continued until
the weight of the solution has again been reduced by half ; the
concentrate is again diluted with an equal volume of water, and the
passage of nitrogen continued until the weight of the solution has
once again been reduced by half. At this stage, the solution is
essentially free of chloroform and methanol, and can be kept for
further study as an aqueous solution of apoprotein, Alternatively,
it can be taken to dryness in a vacuum desiccator. The residue,
glass-like in appearance, will prove freely soluble in water and
also in chloroform-methanol, although some time of contact between
residue and solvent may be required and, in the case of chloroform-
methanol, addition of 1 or 2 percent water to the mixture may be
necessary to bring about complete solution, The residue retains
these solubilities for as long as we have kept it, which is several
weeks, Aqueous solutions up to 3 or 4 % can be easily prepared,Above
4 percent concentration, the aqueous solutions show increasing vis-
cosity, and at 5 or 6 percent they become essentially gels.

It must be emphasized that only the maximally delipidated apo-
protein is soluble in water. The presence of very small amounts of
residual lipids result in incomplete insolubility in water, For
instance, the sphingomyelin-protein de novo complexes (Table V) are
quite insoluble in water,

The aqueous solutions of apoprotein are indefinitely stable at
neutral or slightly acid pH's, They appear to be markedly, if not
totally, resistant to bacterial contamination., In our experience,
solutions stored at 4° but with frequent stays at room temperature,
and also frequently opened for the taking of samples, have remained
sterile for as long as they have been kept, which in some cases has
been as long as eighteen months.

At pH 7.5 and above, aqueous solutions of apoprotein develop
a turbidity which disappears at higher pH's, but persists upon
acidification, Aqueous solutions brought rapidly to 0,1 N NaOH or
higher alkali concentrations, develop a transient turbidity fol-
lowed by complete clarification. This turbidity is so transient as
to go unnoticed unless special attention is paid to its appearance
and disappearance, The solutions in 0,1 N NaOH or higher, remain
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clear for several days at least but, upon acidification, there is
formation of a massive precipitate which collects readily, leaving
a supernatant that shows only negligible absorption at 280 nm, i,e.,
the apoprotein appears to have precipitated out quantitatively,.This
insolubilization of the apoprotein,exposed to 0.1 N NaOH,in aqueous
acid develops over a period of about 2 hours,

The apoprotein is insolubilized, just as proteolipids are, by
taking to dryness from biphasic solutions, and by exposure to low
alkalinity in presence of ions (39). Thus, when a solution of apo-
protein in chloroform-methanol (2:1, v/v) is diluted with one-fifth
its volume of 0.1 M Na, citrate, the bulk, if not all, of the pro-
tein is precipitated out of solution, and collects as an insoluble
residue at the interface, This residue is completely insoluble in
all aqueous solutions and organic solvents that have been used, in-
cluding 5 percent SDS {(Na-dodecyl-sulfate), It has the same chemi-
cal composition as that of the apoprotein, including the amount of
bound fatty acids, Treatment of the residue with CM,HCl fails to
extract any of the bound fatty acids., Hence, it appears that expo-
sure to alkali may render the apoprotein completely insoluble with-
out any release of its bound fatty acids,

Although no systematic study has been made of the influence of
salts on the solubility of the apoprotein in water, it has been ob-
served that the apoprotein is precipitated out of solution by NaCl
at about 0,27 M concentration, The precipitation is reversible,and
upon elimination of NaCl, or lowering of its concentration, the
apoprotein goes back into solution,

Physical properties of the apoprotein, - Apoprotein in aqueous
solution exhibits one main peak and a much smaller second peak both
in the ultracentrifuge and by moving boundary electrophoresis at
both pH 7.0 and 5.0. In both analyses, the main peak accounts for
90 percent or more, and the second peak for 10 percent or less of
the material in solution (Fig., 1, 2, 3, 4 and Table VI),

Under various conditions of polyacrylamide gel electrophoresis,
several authors have reported single bands for proteolipid protein,
using either isolated myelin (20), partly purified proteolipids (38)
or apoprotein preparations (4). In our experience, proteolipid apo-
protein gives one single, or one main band under various conditions
of gel electrophoresis,

Briefly, it appears from physical evidence that proteolipid
apoprotein is essentially a homogeneous protein, Whether the small
second peaks observed in ultracentrifugation or in moving boundary
electrophoresis represent contaminants or simply a different state
of aggregation of the protein from the main peak cannot be decided
without further study.
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Fig. 1. Ultracentrifuge patterns of a 1.1 % solution of proteolipid
apoprotein 68-XIV 22° H* in phosphate buffer, pH 7.0, 2= 0.1. Speed
24,000 rev/min. From left to right, top row, O, 8, and?16 min run-
ning time. Bottom row, left to right, 20 and 30 min running time
and then 36 min more at 52,000 rev/min.

Fig. 2. Ultracentrifuge patterns of a 1.2 7 solution of proteolipid
apoprotein. Preparation 68-XIV 22° H* in Na-acetate buffer, pH 5.0
L =10.1 run at 26,000 rev/min. Top row, from left to right, O, 8, 28
2and 44 min. Bottom row, from left to right, 50, 92 and 124 min at

26,000 rev/min, and then 14 min more at 56,000 rev/min.
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Fig. 3. Electrophoretic patterns of a 1,1 % solution of proteolipid
apoprotein 68-XIV 22° H' in phosphate buffer, pH, 7.0 L = 0,1,The
ascending boundary is on the left, the descending boung;ry on the
right. The scanning exposures below are initial boundaries; scan-
ning exposures above, after 80 min of electrophoresis,

Fig, 4. Electrophoretic pattern of a 1.2 % solution of proteolipid
apoprotein 68-XIV 22° H' in acetate buffer, pH 5.0 L 0,1, The as-
cending boundary is on left ; the descending boundary is on the
right, The scanning exposures below are initial boundaries ; scan-
ning exposures above, after 44 min electrophoresis,
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The apoprotein shows an absorption peak at 278 nm. Its E%Cm
at 278 nm is 13.6. This is lower than the values reported in otger
studies (Table III). The higher values may reflect contamination
and, in some cases, the lack of correction for turbidity.

Relationship between the solubilities of the proteolipid
apoprotein and its conformation. - The apoprotein occurs in two dif-
ferent forms, a lipophilic form soluble in organic solvents, and a
hydrophilic form soluble in aqueous media. It can pass from one form
to the other reversibly under the proper conditions of operation.To
pass from the lipophilic to the hydrophilic form, it is necessary to
follow the procedure described under "Preparation of water-soluble
apoprotein'. The reverse passage is much easier, and the apoprotein
dried from aqueous solutions can be dissolved directly into CM, al-
though the addition of a small amount of water may be necessary.

It is not known what exact changes occur with these reversible
changes in solubility, but it is fair to assume that in the lipo-
philic apoprotein the lipophilic groups predominate at the surface
of the molecule, whereas in the hydrophilic apoprotein, it is the
hydrophilic groups that predominate at the molecular surface.Optical
rotatory dispersion and circular dichroism measurements on solutions
of apoprotein in different solvents (Table VII) bear out

TABLE VII

Optical Rotatory Dispersion Analysis of Typical Proteolipid
Apoprotein (Results obtained on Sample 68-XIV-22A)

Solvent Conc. (%) 7Z a-helix computed from
% ' Sk
bo (m )233nm ) o

CHC13-MeOH 1.14 66 65 + 131
C1CHoCH,OH 0.92 60 61 + 97
F3CCH,O0H 0.61 90 93 + 69
Hy0 0.32 38 37 - 73
Hp O 0.35 16 17 - 136
Me QR 0.71 33 41 - 289
CHC13-MeOH 0.81 69 66 + 164
~607 lipid

%b, = ~630 for 100 7 oa-helix; Ao = 212 nm. **(m')233 = -13,000
(deg.cmz/decimole) for 100 % a-helix ; -1,700 (deg.cm&?decimole)est.
for 0 7 a-helix.®#%*Prepared in presence of excess MeOH.*#*#*%*When MeOH
solution diluted with CHCl3 to make 2:1, C-Me, the 233 trough shifts
from 231 to 233.5, mu, the helix becomes 337. The MeOH seems to be a
mixture of a-helix plus some other conformation that is not reversible.
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that conformational changes occur, without defining their nature,
Zand (43) reported originally that proteolipid was characterized
by a high content of a-helix, whereas the "water-soluble" protein
of Tenenbaum and Folch-Pi showed no measurable ¢-helix, Sherman
and Folch-Pi (34) confirmed Zand's observations on proteolipids and
extended them to show that the a-helix content did not change in
the course of the gradual delipidation of the proteolipid to the
apoprotein stage, They found, however, that in sharp contrast with
the absence of measurable a-helix of the ''water-soluble" apoprotein
of Tenenbaum and Folch-Pi, the present apoprotein retained about
one-half of the a-helix content of the CM soluble apoprotein, and
that this change in conformation was reversible., Upon being placed
back into solution in CM, the apoprotein regained its former
a-helix content, This change appeared to be repeatedly reversible
and a given sample of apoprotein could be changed back and forth
repeatedly from its CM soluble form into its water soluble form
with the corresponding changes in a-helix content.

Sherman and Folch-Pi (34) found that the reversibility of this
change in conformation can only be preserved if exposure to water-
methanol mixtures, or to pure methanol, is kept to a minimum. Ap-
parently methanol changes the conformation of the apoprotein irre-
versibly., The result is an apoprotein with a reduced ¢-helix con-
tent which is soluble in methanol and which, if it goes into so-
lution into CM at all, will do so without regaining its former
0 -helix content, In water, this apoprotein will form only very
dilute solutions which gradually yield a precipitate which is in-
soluble in all the solvents that have been used., Presumably, it is
this effect of methanol that is responsible for the instability and
the low a-helix content of the water soluble apoprotein of Tenenbaum
and Folch-Pi (37)

The contrast between the stability of solutions of apoprotein
in organic solvents and in water, and the ease with which the apo-
protein can be obtained as an almost universally insoluble residue
(short of chemical breakdown) by such simple means as drying from
biphasic solutions (12), exposing to low alkaline pH's in presence
of ions (39) or exposure to methanol, suggests that the apoprotein
is apt to undergo a number of changes in conformation, some rever-
sible and some irreversible, None of these changes appear to change
the chemical composition of the apoprotein,

Chemical composition of the proteolipid apoprotein., - The
apoprotein does not show any spots on thin-layer chromatography for
lipids even when samples as large as 5 to 10 mg are taken, It con-
tains traces of P (0,01 to 0,04 %), and of carbohydrate (< 0.1 % as
galactose). Its P is released by treatment with 0,1 N NaOH at room
temperature for 16 h as water soluble organic P, i,e., it is not
phosphoprotein P ; the water solution shows no absorption at 260 nm,
which indicates that the P is not a nucleic acid derivative, As
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discussed below, this P most likely represents traces of phospho-
lipids, The carbohydrate present is mainly galactose, and most
likely corresponds to residual sulfatides and cerebrosides, In sum-
mary, the apoprotein is neither a phosphoprotein, a glycoprotein,
nor anucleoprotein.

The most striking feature of the chemistry of the apoprotein
is the presence of from 2.0 to 3.2 percent fatty acids, These fatty
acids (Table VIII) show a consistent pattern of about 60 percent
palmitic, 25 percent oleic and 10 percent stearic acids with 5 per-
cent other acids, Stoffyn and Folch-Pi (36) have established con-
clusively that these fatty acids are esterified since they do not
react with diazomethane, which shows that they are not free acids,
and they react with Na borohydride, with production of the corres-
ponding alcohols, which shows that they are bound by ester linkages
(Table IX).

These fatty acid residues do not belong to any recognizable
lipid., An exhaustive analysis of the apoprotein for possible lipid
moieties, with which these fatty acids might be bound, shows that
the amounts of P, ethanolamine, choline, sphingosine, inositol,
galactose and other sugars, sialic acid, and glycerol present in
the apoprotein are individually and jointly unable to account for
from less than one-tenth to no more than one-fourth, of the fatty
acids present (Table X), In summary, it is necessary to conclude
that these fatty acids esterified in the apoprotein, must be esteri-
fied on the polypeptide chain itself, except for the remote possi-
bility that they are constituents of an as yet unidentified lipid.
Such a hypothetical lipid would be singularly devoid of the most
common moieties of lipids known at the present time,

TABLE VIII

Fatty Acids Combined in Proteolipid Apoprotein (PLA)

PLA Total fatty Composition of fatty acid mixture
preparation acids as % as % of values in column a

of weight

of PLA

(a) Palmitic Stearic Oleic Other

69-XVIL 2,0 56 9.7 27 7.3
69-XIX 3.2 62 9.1 23 5.9
69-XX1I 3.2 62 8.6 26 3.4
70-1I11-2 3.0 58.5 10.6 25.4 5.6
70-X11 2.45 60.0 9.1 26.0 4.9
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The apoprotein exhibits an amino acid composition undistingui-
shable from that of the crude, and of the partly purified proteo-
lipids (Table IV).

The apoprotein preserves intact the resistance to most proteo-
lytic enzymes, that is characteristic of the proteolipids. On the
basis of the least abundant residue being 2 methionines per mole of
protein, the apoprotein appears to have 125 residues, giving a pos-—
sible molecular weight of about 12,000 daltons (16).

The apoprotein dried to constant weight in high vacuum in pre-
sence of NaOH, gives aqueous solutions with pH's around 3.5. Appa-
rently by the method described, the apoprotein is obtained as a
fully, or almost fully, protonated anion. Titration of two different
apoprotein preparations between pH 3.5 and 7.17 requires one umole
of NaOH for each 3.58 mg of apoprotein. Braun and Radin (4) report
the use of one pmole of HC1 for each 2 mg of apoprotein between
pH's 6.0 and 3.0. Although the two sets of values are not strictly
comparable, it is obvious that the apoprotein of Braun and Radin ex-
hibited a larger number of titratable acid groups than do our prepa-
rations. A possible explanation for this discrepancy is that the
procedure followed by Braun and Radin involved a much more prolonged
exposure to acid than our own procedure, with the result that some
glutamine residues may have been deamidated to glutamic acid.

The determination of end groups of the apoprotein has proved to
be very difficult because of unforeseen difficulties inherent in the
nature of proteolipids. With these limitations, Takahashi and
Mokrasch (unpublished,personal communication), both by Sanger's
method and by Edman degradation concluded tentatively that the amino
end group was glycine. In a subsequent rigorous study, Whikehart and
Lees by dansylation (40) have proved that the amino end groups are
glycine and glutamic acid in the ratio of 3 to 1.

The molecular weight of the proteolipid apoprotein. — Although
the coincident results of polyacrylamide gel electrophoresis, ultra-
centrifugation, and moving boundary electrophoresis, show that the
apoprotein occurs in physically homogeneous forms, there is not the
same agreement as to results that bear on its molecular size. In
1961, Folch-Pi computed from the amino acid composition a possible
monomeric molecular size of about 12,500 (16). In 1969, Thorun and
Mehl (38) using gel electrophoresis on an acrylamide density gra-
dient, obtained a value of 34-36,000 for the molecular weight of
their proteolipid preparation. More recently, Eng (6) using a 10 %
acrylamide gel and phosphate buffer in 0.1 % SDS, has reported a
molecular weight of 22,000-23,000 for his preparation. In addition,
Folch-Pi has reported that a portion of proteolipid is dialyzable
through cellophane membranes (17), presumable impermeable to mole-
cules above a size of 12,000 daltons. This dialyzable fraction ac-
counts for a greater or smaller fraction of the total proteolipid
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fraction according to the relative permeability of the cellulose
membrane used, Paradoxically, the more permeable the membrane, the
smaller the fraction of proteolipid protein that diffuses through
it, In addition, this diffusion of proteolipid protein occurs only
at the very beginning of the dialysis process, and it ceases com-
pletely, so that a second dialysate does not contain any protein,
This behaviour suggests that in the original tissue extract, a major
or minor fraction of the total proteolipid may be maintained in a
diffusable monomeric form of dispersion by a factor or factors,This
factor or factors is changed or eliminated during the dialysis pro-
cess, and, with its removal, the proteolipid changes to an aggregate,
undialyzable form,

Although it is impossible with the available evidence to esta-
blish with certainty the molecular size of the apoprotein, the facts
already know are compatible with a monomeric size of around 12,000
( or one-half as much, if it is assumed that there is only one
methionine residue per molecule). The values reported by Eng, and
by Thorn and Mehl, would then correspond to the weights of a dimer
and trimer, respectively,

Organization of the proteolipid molecule in vivo., - Although
it is impossible to deduce with certainty, with our present know-
ledge, the actual organization of the proteolipid protein in vivo,
some of the facts already know provide a frame of reference into
which this molecular organization must fit. The most important is
that since the isolated apoprotein is freely soluble in water, and
the tissue proteolipids are completely insoluble in water, it is
necessary to postulate that, in the tissue, the apoprotein must
necessarily be combined with lipids., These lipids would stabilize
the apoprotein in its lipophilic water insoluble conformation, The
most likely candidates for the lipids most closely bound with the
apoprotein are the acidic lipids, which would be combined with the
cationic groups. This protein-lipid core might then be combined
with other lipids by non-polar bonds.
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MYELIN BASIC PROTEINS

Marian W, KIES, Russell E, MARTENSON and Gladys E.
DEIBLER

Section on Myelin Chemistry, Laboratory of Cerebral
Metabolism, National Institute of Mental Health -
Bethesda, Maryland 20014 (USA)

Our attention was first directed to a study of myelin proteins
because of our interest in the induction of experimental allergic
encephalomyelitis (EAE) and the fact that Kabat et al,(11) and
Morgan (26) had reported that white matter was more encephalito-
genic than gray matter. At that time the existence in myelin of a
highly basic protein resembling certain of the histones was not
even suspected, Early studies on the isolation of the encephalito-
genic component of guinea pig central nervous system (CNS) tissue
and its subsequent purification depended largely on bioassay of
fractions for encephalitogenic activity (13). Although the basic
nature and high cathodic electrophoretic mobility of the encepha-
litogenic protein were soon recognized (14), the available electro-
phoretic techniques were not adequate for critical monitoring of
the purification procedures, Since the concentration of this pro-
tein in CNS tissue is high, its isolation was relatively simple,
and sufficient quantities could be prepared for detailed studies
of its chemical properties and structure,

The work of Laatsch et al. (5) established that the encephali-
togenic protein is localized in myelin and clearly differentiated
this myelin protein from basic proteins (histones) isolated from
CNS nuclei, More importantly, this work provided us with a prepa-
ration of myelin basic protein (BP) which could be used as a re-
ference in our studies of its isolation from whole tissue,

The techniques currently in use in most laboratories today
are developments of those first developed in our laboratory (12)and
in the laboratory of Dr, Roboz-Einstein (28) ; lipid is removed
from whole CNS tissue by the Folch extraction technique (9) ; extra-
neous water-soluble proteins are removed by treatment of the tissue
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residue with water ; and BP is obtained in relatively high concen-
tration and good yield by treatment of this insoluble residue with
dilute acid. Even though the acid extract contains many other pro-
teins, their concentration relative to that of BP is usually suf-
ficiently small that the specific encephalitogenic activity of the
extract (its ability to induce EAE in guinea pigs related to its
protein content) is almost as high as the specific activity of pu-
rified BP,

We have found from our studies on guinea pig and rat BPs that
the ease with which BP can be purified is influenced to a large
extent by the pH at which the protein is extracted (17, 24), Ex-
traction at pH 3.0 removes up to 90 percent of the total BP (24)
but relatively little of the tissue histones, Only the very lysine-
rich histone is extracted to an extent that may be significant,and
this histone is easily removed from BP by any of several procedures
(gel filtration, ion-exchange chromatography, solution in 5 percent
TCA). BP is readily distinguished from most of the other proteins
which are extracted from CNS tissue at pH 3,0 by its high cathodic
mobility upon electrophoresis in acrylamide gels at pH 2.4 and its
characteristic color when stained with amido black. In the electro-
phoretograms it appears as an intense blue-green disc ( A max 680nm)
in contrast to the other protein discs which are grayish-blue in
color ( A max 580 nm), No comparable electrophoretic component is
present in liver extracts made under identical conditions, By uti-
lizing these electrophoretic and staining characteristics much in-
formation can be obtained about BP from various sources simply by
electrophoretic analyses of the pH 3.0 extracts of delipidated CNS
tissue preparations without subjecting the BP to further purifica-
tion (20).

We have utilized this technique to examine the prevalence of
two BPs (rather than one) among various rodents (21), Myelin of the
guinea pig resembles that of human, beef, rabbit, and monkey in that
it contains a single BP. Rat myelin, in contrast, contains two BPs,
the larger one (L) resembling the single BP of the other five spe-
cies, and a second (S) which is somewhat smaller (18), The occur-
rence of two BPs has also been observed by other investigators in
electrophoretograms of rat myelin proteins (1,3,6,25,34,35) and
mouse myelin proteins (10, H,C,Agrawal, personal communication).In
Fig. 1 are shown densitometric tracings of the electrophoretograms
of pH 3.0 extracts of the CNS tissue of several rodents, These in-
clude rat, mouse, and hamster (suborder Myomorpha) ; guinea pig and
chinchilla (suborder Histricomorpha) ; and woodchuck (marmot),
prairie dog (prairie marmot) and squirrel (suborder Sciuromorpha).
The characteristic doublet of myelin basic proteins of different
size (L and S) occurs in representatives of two of the three sub-
orders of rodents, If these few rodent species are truly represen-
tative of the three suborders, the occurrence of two BPs in mamma-
lian myelin is quite widespread since 40 percent of all species of
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Fig., 1. Parallel electrophoresis at acid pH (1 M acetic acid, 8 M
urea) in 5 % polyacrylamide gels of proteins (15-75 ug) extracted
at pH 3.0 from rodent CNS tissues. Electrophoresis was carried out
toward the cathode for 2,0 h at 2,5 mA per gel, proteins were stai-
ned with amido black, and gels were scanned at 690 nm ( ) and
580 nm (----- ). Rat, mouse, hamster, and guinea pig proteins were
from brain ; the remainder were from total CNS tissue (brain plus
spinal cord). The arrow points to histone Fl1 (very lysine-rich).,The
component located between the L and S BPs of rat, mouse, and hamster
is probably a proteolytic breakdown product of the L BP.
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mammals are rodents and 90 percent of the latter are in the two
suborders Myomorpha and Sciuromorpha (27)., In all of the species
examined the S protein predominates, It is evident, therefore,that
the shorter polypeptide chain possesses all of the information ne-
cessary for it to perform its structural function in myelin, These
findings also suggest that the genetic events leading to the pro-
duction of the additional smaller BP, presumably gene duplication
followed by partial deletion, probably occurred only after the line
leading to the suborder Hystricomorpha had been established and
before the divergence of the remaining rodent line into the two sub-
orders, Myomorpha and Sciuromorpha.

In addition to the several species already listed (guinea pig,
human, bovine, rabbit, monkey, and the eight rodents) we have also
examined BPs of several submammalian vertebrates : chicken, turtle
(Chelydra serpentina), frog (Rana pipiens), shark (Carcharias
obscurus), and carp. Chicken, turtle, and frog BPs are nearly iden-
tical electrophoretically to guinea pig BP at low pH, Shark BP has
a slightly higher mobility than guinea pig BP, intermediate between
the L and S rat proteins, while carp BP has a higher mobility at
low pH than any of the others examined (Fig, 2). Our findings of

Fig. 2. Parallel electrophoresis at acid pH (1 M acetic acid, 8 M
urea) in 5 % polyacrylamide gels of proteins (50 ug) extracted at
pH 3.0 from spinal cord of some submammalian vertebrates.Electro-
phoresis was carried out, proteins were stained, and gels were
scanned as described in Fig, 1.
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identical electrophoretic mobilities for the chicken and guinea pig
BPs at low pH compares with that of Mehl and Halaris (25). In con-
trast, however, we did not observe in the carp a second basic pro-
tein of relatively low mobility (25)., The preparations of shark and
carp BPs which we have examined have consisted of more than one
electrophoretic component at low pH. Because the conditions of iso-
lation did not preclude possible autolysis,we suspect that all but
one of these components may be breakdown products of the native BP.

Many BPs which display essentially identical electrophoretic
behaviour at low pH have been found to differ markedly in their
electrophoretic behavior at high pH. It was first demonstrated by
Martenson and Gaitonde (24) that bovine BP,while apparently homo-
geneous with respect to size,is heterogeneous with respect to charge.
The single component observed in low pH electrophoretic patterns is
resolved into several components on electrophoresis at high pH, As
we have shown (19), the different components exist as such in the
BP preparations and are not formed during electrophoresis, The dif-
ferent components can be separated by ion-exchange chromatography,
but not by gel filtration, and each retains its characteristic
electrophoretic behavior alone or in a mixture reconstituted to
simulate the original preparations (4), At the present time, the
explanation for these differences in charge is not entirely clear.
There are several possible explanations which Martenson et al. (19)
have discussed in an earlier report,

All of the BPs examined which appear to be homogeneous at low
pH have been found to be heterogeneous by electrophoresis at a pH
close to their isoelectric points. In those cases in which there
is a mixture of two BPs of different size, e.g., in most rodents,
the high pH electrophoretic patterns are even more complex because
each of the two BPs contributes its own set of differently charged
components, The high pH electrophoretic patterns of certain of the
BPs (Fig. 3) reveal species differences in mobility which are not
apparent when electrophoresis is carried out at acid pH. Electro-
phoresis at high pH also serves in some instances to "magnify" dif-
ferences observed at low pH as shown by comparison of the mobility
of the carp protein with those of some of the other species (Fig.4).

In order to carry out more detailed studies of the chemistry
of the submammalian BPs, these proteins as well as those of rat,
guinea pig, beef, and human were purified by gel filtration on
Sephadex G-150, and in some instances by an additional step invol-
ving ion-exchange chromatography on carboxymethylcellulose, The
molecular weights of all of the BPs examined, judging from the per-
cent of total column volume at which they are eluted from the
Sephadex columns, are the same {~ 18,400) except for the rat S and
carp proteins. The carp protein appears to have roughly the same
molecular weight as the rat S protein, ~ 14,400. Representative
Sephadex G-150 elution patterns are illustrated in Fig. 5.
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Fig. 3. Electrophoresis at alkaline pH (0,01 M sodium glycinate,
pH 10.6, 8 M urea) in 5 % polyacrylamide gels of proteins (100-
400 ug) extracted at pH 3.0 from CNS tissues. Electrophoresis was
carried out toward the cathode for 3,0 h at 3,75 mA per gel.Under
the electrophoretic conditions employed, BPs are essentially the
only proteins in the extracts which migrate well into the gel,Al-
though not all preparations were run in parallel, the differences
in mobility are accurately represented, S] and Lj: most basic com-
ponents of rodent S and L proteins, respectively, Rat and guinea pig
preparations, respectively, were virtually identical with those
shown for the mouse and chinchilla,
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Fig. 4. Parallel electrophoresis at alkaline pH (0,01 M sodium gly-
cinate, pH 10,6, 8 M urea) in 5 % polyacrylamide gels of proteins
(100 pg) extracted at pH 3.0 from spinal cord., Electrophoresis was
carried out toward the cathode for 1.5 h at 3.75 mA per gel,
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Fig. 5. Gel filtration of proteins extracted at pH 3,0 from spinal
cord on columns (1.5 x 95 cm) of Sephadex G-150 equilibrated with
0.01 M HCl at 5°, Proteins (6,9-11.0 mg) were applied in 1.0 ml of
1 M acetic acid-0,01 M HCl, and fractions of 2,5 ml were collected
at a flow rate of 15 ml per h and pooled as indicated., The last peak

is acetic acid, which yields the total column volume (V¢). Guinea pig

and shark BPs were eluted at 62 % of V¢t ; rat S and carp BPs were

eluted at 69 % of V.
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Fig. 6. Parallel electrophoresis at acid pH (IM acetic acid, 8M
urea) in 5 % polyacrylamide gels of BPs (50 ng) purified by gel
filtration on Sephadex G-150. Electrophoresis was carried out to-
ward the cathode for 2 h at 2.5 mA per gel. The minor component
of relatively low mobility in the rat and frog preparations appears
to be a polymer of BP. Minor components of relatively low mobility
in the chicken and turtle preparations are contaminants which were
subsequently removed by ion-exchange chromatography.
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Electrophoretograms of some of the purified BPs are presented in
Fig., 6,

The reported amino acid sequences of bovine (7) and human (2)
BPs are very similar, Guinea pig, rat L, chicken, turtle, frog, and
shark BPs, which have not been sequenced, have amino acid composi-
tions which, on the whole, are not too different from those of human
and bovine BPs (Table I), All of these BPs contain 1 mole of trypto-
phan per mole of protein and all but the shark BP contain 2 moles
of methionine per mole of protein., The tyrosine contents range from
2 moles (shark) to 8 moles (frog) per mole of protein, Of these BPs
shark has the lowest content of tyrosine and the highest contents
of lysine, glutamic acid, alanine, and methionine, Since the shark
BP appears to be only slightly degraded (see Fig, 6) the compositi-
on shown in Table I is probably very close to that of the native
protein,

In Table II the amino acid composition of the carp BP prepa-
ration is compared with that of a BP of comparable molecular size,
the rat S protein. Relative to the rat S protein the carp BP pre-
paration has a much higher content of lysine and a much lower con-
tent of histidine. Although it also contains 1 mole of tryptophan
per mole of protein, the carp BP preparation contains only one mole
of methionine and 0.5 mole of tyrosine per mole of protein., The low
content of the latter amino acid suggests that the carp BP is pro-
bably degraded. The native carp BP probably contains at least 1 re-
sidue of tyrosine and possibly contains an additional methionine
residue as well, It is of interest to note that all of the BPs have
a high content of the three amino acids, glycine, arginine, and
serine, and all contain tryptophan, These characteristics are quite
different from those of any of the known histones.The "brain speci-
fic histone" isolated from pig brain by Tomasi and Kornguth (32,33),
which has a high content of glycine, arginine, and serine, is in all
probability myelin basic protein (22),

Chemical studies on BPs have been accompanied by an investiga-
tion of their encephalitogenic activity, In collaboration with Dr,.
E.g. Alvord Jr. of the University of Washington in Seattle and Dr.
Seymour Levine of the Bird S,Coler Hospital in New York, we have
assayed these proteins in two of the species of laboratory animals
most commonly used for studies on EAE-guinea pigs and inbred Lewis
rats (Table III).

An interesting difference between the two rat BPs is the mar-
ked difference in their ability to induce EAE in the guinea pig.The
S protein apparently lacks some structural feature required for this
activity. Recent experiments carried out in collaboration with
McKneally, Shapira and Kibler (23) have shown that the deletion
which differentiates the S from the L protein begins at residue 117
or 118 (just beyond the single tryptophanyl residue at position 116)
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TABLE II

Amino Acid Compositions of Rat S and Carp Myelin Basic Proteins

Amino Acid Rat s¢@) (®)

Q
o)
a]
o

—_—

Lysine
Histidine
Arginine
Tryptophan
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine

Half cystine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Arg+Ser+Gly

.
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Values are in mole percent. No corrections for hydrolytic losses
have been made. Samples were hydrolyzed as described in Table I.
Values in parentheses are the number of mole per mole of protein
estimated as described in Table I. Each protein was assumed to con-
tain 130 amino acid residues per molecule. (a), (b) Same as in
Table I.

and ends at residue 157 or 158 (residue numbers correspond to those
of the bovine and human BPs). The resulting change in the trypto-
phan—containing tryptic peptide from Phe-Ser-Trp-Gly-Ala-Glu-Gly-
Gln-Lys to Phe-Ser—Trp-Gly-Gly-Arg is probably the reason for the
lack of encephalitogenic activity of the S-protein in the guinea
pig, since the former peptide isolated from bovine BP and synthe-
sized (8) and a homologous one (Lys replaced by Arg) present in
human BP (16),and also synthesized (8),are the only ones reported
to contain the major determinants for encephalitogenic activity in
the guinea pig. A different peptide (containing tyrosine in place
of tryptophan) has been found by Shapira et al. (29, 30) and
Kibler et al. (36) to be encephalitogenic_?hffhree other species
of laboratory animals : rabbits, squirrel monkeys, and Rhesus
monkeys. The particular sequence of amino acid residues in
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TABLE III

Susceptibility of Guinea Pigs and Lewis Rats to
Mammalian and Submammalian Myelin Basic Proteins

BP Guinea Pigs Lewis Rats
Guinea Pig ++ ++
Rat L ++ ++
Rat S - (+7) ++
Bovine ++ +
Human ++ +
Monkey ++ +
Rabbit ++ +
Chicken - +
Turtle - +
Frog - +
Shark - -
Carp - -

BP which is responsible for encephalitogenic activity in Lewis rats
has not been defined. Clearly, it cannot be Phe-Ser-Trp-Gly-Ala-
Glu-Gly-Gln-Lys, since the rat S protein, which lacks the last half
of the sequence, is highly active in this species. Swanborg and
Amesse (31) have shown that the tryptophanyl residue is not essen-
tial for encephalitogenic activity of bovine BP in the Lewis rat.

The Lewis rat, in some respects, provides an even more interes—
ting tool for bioassay than the guinea pig. The patterns of suscep-—
tibility of the two species overlap but are not identical (see
Table III). Guinea pigs are susceptible to bovine, human, monkey,
rabbit, guinea pig and rat L BPs. They show approximately the same
(near maximal) reaction to sensitization by either 5 or 10 ug of
each of these proteins. They are much less reactive to rat S BP ;
as much as 125 pg produces no clinical and little histologic evi-
dence of disease. Submammalian BPs (chicken,turtle, frog, shark,
and carp) were all inactive when either 50 or 250 ug were injected
into guinea pigs. Lack of encephalitogenic activity of shark (spiny
dogfish) BP in the guinea pig has also been found by H.C. Agrawal
et al. (37). In contrast, Lewis rats are susceptible to guinea
pig_ghd both rat L and S BPs, but are much less susceptible
to the BPs of the other mammalian species - bovine, human,
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rabbit, and monkey. Larger quantities of the latter are required to
induce severe EAE in Lewis rats. For example, in a series which in-
volved guinea pig, bovine, human, and rabbit BPs, 2 ug of guinea
pig BP induced more severe disease in Lewis rats than 50 ug of each
of the other BPs.

In testing submammalian BPs, Dr. Levine found that 50 pg of
either chicken or turtle BP induced disease in quantity of bovine
BP ; 50 ug of frog BP induced somewhat milder disease. Fifty ug of
carp and shark BP induced no EAE in Lewis rats.

Continuation of these studies of the chemistry and biological
activity of myelin basic proteins from a wide variety of species,
coupled with the use of several test animals, should enable us to
trace the evolutionary changes in the molecule and to explain the
species—specificity of response to the different encephalitogenic
regions.
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THE CHEMICAL AND IMMUNOLOGIC PROPERTIES OF THE BASIC Al PROTEIN

OF MYELIN

E.H. EYLAR

The Merck Institute, Rahway, New Jersey 07065 (USA)

Myelin can be considered a simple prototype of a cellular mem-
brane since it appears (42) on electron microscopy to be derived
from the plasma membrane of the Schwann cell in the peripheral ner-
vous system and the oligodendroglial cell in the central nervous
system (CNS). Based on data (36) from x-ray diffraction and electron
microscopy, a repeating pattern was observed in myelin which was
compatible with the unit membrane (bimolecular leaflet) concept of
membrane structure originally proposed by Davson and Danielli (18).

In order to further our understanding of membrane structure,
we chose myelin for isolation of specific protein components that
could be solubilized and thereby characterized both chemically and
immunologically. This report describes some of our latest results
on the Al protein of CNS myelin, carried out in collaboration with
Drs. S. Brostoff, A. Hagopian, J. Caccam, J. Jackson, P. Burnett
and G. Hashim. See reference 24 for an earlier review.

Although the myelin membrane is apparently contigous with the
plasma membrane, it should be stressed that the composition of these
membranes differs markedly (50). When compared to a representative
plasma membrane such as that from HeLa cells (7), myelin has a much
higher lipid/protein ratio and differs considerably in its lipid
composition by its relatively high content of cerebroside and cere-
broside sulfate, which are absent in plasma membranes, and a—hydroxy
fatty acids which are exclusive to brain. Gangliosides, which are
found in plasma membranes, are absent or in trace quantities in
myelin. The greatest divergence between myelin and plasma membranes,
however, appears in the protein composition. Only three proteins
predominate in CNS myelin : the proteolipid protein (50 %),Wolfgram
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protein (20 %) and the Al protein (30 %), a basic protein (24) which
is the subject of this report. By contrast, plasma membranes con-
tain a large spectrum of proteins (19), some of which may be enzymes;
the only enzyme clearly localized in myelin is the 2',3'-cyclic nuc-
leotide 3'-phosphohydrolase (55). Glycoproteins, which are consti-
tuents of all plasma membranes (25) are also absent from myelin.

It is readily apparent that in the CNS either the plasma mem-
branes of oligodendroglial cells are highly unusual, or during the
conversion process into CNS myelin, pronounced changes occur. The
morphogenesis into myelin likely subserves function ; the myelin
plays a more static biological role of insulation of the axon in
contrast to the active, transporting role of plasma membranes. A
major question concerns the biological role of the Al protein.Since
it is not found in other organs, and appears exclusive to myelin,
the question arises whether it serves only as a structural element
of myelin, or whether it is involved in the assembly of myelin or
the interconversion from plasma membrane to myelin membrane. Although
direct information is lacking, it can be surmised at the present
time that the Al protein is not present in the oligodendroglial cell
membrane since these cells appear resistant to immunologic attack
during the course of EAE (51).

Our initial interest in myelin proteins has now extended beyond
the application to membrane structure. With the isolation (34,35)
of a homogeneous protein which could induce experimental allergic
encephalomyelitis (EAE), it was evident that immunologic parameters
associated with this disease could be clarified. Although many
laboratories had reported on encephalitogenic basic protein (48,66),
wide disagreement existed on its composition,properties and biolo-
gical activity, and it was not until recently that characterizations
by conventional methods of protein chemistry were reported (34,35,
58, 62).

Preparation

Detailed procedures for isolation of the Al protein have been
presented elsewhere (34, 60). Prior to biological studies, it was
essential to achieve material which was highly purified. A basic
protein fraction (34) from bovine spinal cord was eventually pre-
pared containing one major protein, referred to as the Al protein
(80-90 %), and degradative products, referred to as bands A2, A3,
and A4 on gel electrophoresis (10-20 Z). Proteolysis in situ at
neutral pH is promoted if the spinal cord is maintained at 4°-37°
prior to extraction (34). These observations have been elegantly
confirmed by Bergstrand (6), who isolated several peptides produced
by the neutral proteolysis in situ of the Al protein, and further
demonstrated that reports of several encephalitogenic materials from
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other laboratories are based on degradation of the Al protein, the
only basic protein in CNS myelin. Alternately, proteolysis may oc-
cur during acid extraction,due to an acid protease that is destroyed
if chloroform—methanol (2:1) is used to defat the tissue rather than
acetone (59). When care is taken to prevent either type of proteo-
lysis, the Al protein can be prepared in homogeneous form from either
whole brain, spinal cord, or myelin. The Al protein comprises 30
percent of the total myelin protein, and thus is a major myelin com—
ponent, a figure also found by Eng et al. (21) who used Triton X-100
and high salt for extraction. The AT protein was prepared in final
form by ion exchange chromatography on CM-cellulose. Amberlite IRC-
50 or Cellex-P using ionic strength gradients (60).

The Al protein material appeared homogeneous by gel electro-
phoresis at pH 4.5 and 8.6, electrophoresis in sodium dodecylsulfate
(SDS), ultracentrifugation and immunoelectrophoresis (34). At pH
10.5, gel electrophoresis shows a minor degree of microheterogeneity
with approximately 10-20 percent of the material migrating as two
slower bands, an observation essentially in agreement with that of
Martenson et al. (57). Although considerable emphasis has been given
this phenomenon (56), we consider the microheterogeneity trivial.

It is a usual feature of most proteins, possibly arising from de-
amidation occurring during acid extraction.

Chemical Properties

The physico-chemical properties of the Al protein are shown in
Table I. The molecular weight, as determined by the amino acid se-
quence, is near 18,500 for both the human and bovine Al proteins.
The variation in molecular weight between ten mammalian species ap-
pears small because these proteins migrate identically on gel elec-
trophoresis in SDS (unpublished observation). The molecular weight
determined by other techniques, including tryptophan determination,
agrees with the sequence value.

The most important feature of the Al protein is the open con-
formation, first shown by viscosity studies (35) which revealed an
intrinsic viscosity of 9.3 dl/g, a value since confirmed (15).Based
on the viscosity data, an axial ratio of 10:1 was calculated for
the Al protein. Unlike most proteins which are globular in aqueous
media, the Al molecule appears unfolded. Moreover, the data in
Table I reveal that the Al protein lacks significant secondary or
tertiary structure. Even treatment with 8 M urea or heating at 100°
does not limit the ability of the Al protein to induce EAE or com
bine with antibody (35). Thus, the Al protein is stable to denatu-
ration because it is "denatured" to begin with. At this stage of
our investigation, in 1968, it was evident that tertiary or secon-
dary structure might be less important than the primary structure
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TABLE I

Physico-Chemical Properties of the Al Protein

Property Method
Molecular weight
18,395 (Bovine); 18,625 (Human) Sequence
18,600~ 20,100 (Bovine);19,400-19,600 (Human) Ultracentrifugation
19,500 (Bovine); 19,500 (Human) Gel electrophoresis
19,500 (Bovine); Gel filtration
18,200 (Bovine); 17,400 (Human) Tryptophan analysis
Secondary structure
a-helix None Circular dichroism;
B-structure None Optical rotatory
dispersion

Open conformation

Intrinsic viscosity, 9.3 ml/g Viscosity

Axial ratio, 10:1 Viscosity

Resistant to denaturation 100° for 1 h ; 8 M
urea

Highly vulnerable to proteolysis Trypsin, pepsin,
chymotryptic digestion

High proline and glycine Amino acid analysis

in defining the biological activity of the Al protein, and the need
for the amino acid sequence was thus emphasized.

Amino Acid Sequence

The sequence of both the human (13, 23) and bovine Al proteins
(27) is shown in Fig. 1. The amino acid sequence was assembled pri-
marily from tryptic and peptic peptides (27) ; CNBr and BNPS-ska-
tole reagents were used to cleave the COOH-methionyl and COOH-tryp-
tophanyl linkages respectively giving peptides (10, 32, 43) that
were very helpful in establishing the sequence. Twenty-seven tryp-
tic peptides were isolated from the bovine Al protein following
chromatography on Dowex 50 or peptide mapping ; 16 peptic peptides
were purified by Cellex P chromatography. Most of the tryptic pep-
tides could be accounted for by peptide mapping as shown in Fig.2.
The sequences of all peptides were determined by the direct and
subtractive Edman degradation procedures (27).
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Fig. 2. The peptide map of tryptic peptides derived from the bovine
Al protein is shown.The two radioactive forms of peptide T15, con—
taining Cl4-N-acetylgalactosamine in glycosidic linkage with threo-
nine residue 98, are shown by cross hatches.

The Al protein was found to have a unique sequence that showed
no obvious similarity to other basic proteins such as histone IV,
lysozyme, cytochrome c or ribonuclease. No periodicity of basic re-
sidues was found, but rather a general distribution existed over
the polypeptide chain. Several peptide segments of nine residues
exist, however, in which basic residues are absent ; the somewhat
nonpolar character of these regions suggests a possibility for par-
ticipation in nonpolar interactions. The sequence suggests, in fact,
that the Al molecule is ideally designed for maximal interaction,
both electrostatic and nonpolar, with phospholipids or other compo-
nents of the myelin membrane. Although nonpolar interactions between
proteins and lipids in membranes have been generally emphasized (37),
it is very likely that the Al protein binds electrostatically to
phospholipids, particularly in view of the open conformation of the
Al molecule as emphasized by the 25 net positive charges, the pro-
line residues and the relatively minor content of nonpolar residues.
Within the myelin framework, however, it is possible that the Al
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molecule assumes some folded conformation upon interaction with
either 1lipid components or other proteins such as proteolipid.Num-
erous studies on myelin support a structure compatible with the
unit membrane model (36). The properties of the Al molecule are
actually similar to the extended protein originally postulated by
Danielli (18) to be located at the charged surface of the phospho-
lipid leaflet. It would be naive, however, at this stage to presume
such a simple orientation for the Al molecule in view of the pos-
sible influence of the lipids and other proteins present in myelin.

Structural Features

Near the middle of the Al molecule several unusual structural
characteristics were found; (42) the methylated arginine residue 107;
(36) the proline-rich region Pro-Arg-Thr-Pro-Pro-Pro ; (18) the
site of glycosylation, threonine residue 98. These features are re-
markable because they are not commonly found in proteins, and thus
may be related to the unique biological role of the Al protein in
the myelin membrane.

Methylated arginine. - Arginine residue 107 of the Al protein
exists primarily in two modifications, as dimethyl- and monomethyl-
arginine (8). Direct isolation of these residues from the bovine Al
protein was obtained, following pronase and amino peptidase M di-
gestion, by chromatography on Dowex 50 W. Final purification (Fig.3)
of the NG-monomethyl arginine was achieved by preparative paper
chromatography in pyridine-acetone-3M NH4OH (10:6:5). NG-dimethyl-
arginine was purified by high voltage elctrophoresis at pH 2.7
(Fig.3). The dimethyl derivative is easily detected on the Beckman
amino acid analyzer (Fig. 4) where it elutes prior to arginine as
shown in Fig. 2 ; the elution of the monomethylarginine (44 min) is
obscured, however, because it nearly coincides with arginine (45 min).
The structures of the isolated derivatives were deduced from the
alkaline degradation products ; the monomethyl derivatives giving
ornithine, citrulline and methylamine, and the dimethyl derivative
giving dimethylamine in addition (8). The finding of both methyl-
amine and dimethylamine in the alkaline hydrolyzate of the dimethyl-
arginine fraction reveals the presence of two forms :NG,NC and
NC,N'G-dimethylarginine. Combined gas chromatography- mass spectro-
scopy determinations gave a ratio of 1:2 respectively for these
derivatives (9).

Localization of the methylated arginine residues in the Al mo-
lecule were accomplished by the examination of the tryptic and
peptic peptides shown in Table II. When the bovine Al protein is di-
gested with trypsin and peptides mapped (Fig. 2), two peptides
(peptides T 16A and T 17) were found which are derived from the same
region of the Al molecule. It became apparent that the Arg-Gly
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TABLE II

Peptides Isolated from the Methylated Arginine Region
of the Al Protein

Peptide Sequence

(Methyl)

1 1 or 2
Tryptic Peptide T 16 A Gly-Arg-Gly-Leu—-Ser-Leu-Ser-Arg
(Res. 1066-113)
Tryptic Peptide T 17 Gly-Leu-Ser-Leu—-Ser—Arg
(Res. 108-113)
Peptic Peptide P 10 Pro-Arg-Thr-Pro-Pro-Pro-Ser-Gln-Gly-
(Res. 96-111- Lys—-Gly-Arg—Gly-Leu-Ser-Leu
Peptic Peptide P 10A Pro-Arg-Thr-Pro-Pro-Pro-Ser-Gln-Gly-
(Res. 96-111) Lys—-Gly-Arg—-Gly-Leu—-Ser-Leu

1

(Methyl)2

107
Summary : ——-=Gly-Arg-Gly—-—--

Site of methylation

linkage, found in peptide T 16A, is normally cleaved giving peptide
T 17. When residue 107 is occupied by methylated arginine deriva-
tives, however, the action of trypsin is partially inhibited. All
normal Arg-Gly sequences are hydrolyzed under the conditions used.
The dimethylarginine at position 107 accounts for 20-60 percent of
the arginine variants in peptide T 16A depending on species (Table
III) , the rest being the monomethyl derivative. With the bovine
protein, peptides T 16 A and T 17 are found in a 3:2 ratio. Thus
the dimethyl derivative accounts for 0.2 mole/mole Al protein at
position 107, a value close to that found by direct hydrolysis of
the Al protein. The monomethyl derivative must occupy, therefore,
at least 40 percent of the Al molecules at this position and pos-
sibly as much as 80 percent,depending on its trypsin resistance.
Some nonmethylated arginine probably exists there as well because
the Al protein serves as an acceptor for the methylase from brain
using S—adenosylmethionine (4). The figure reported by Baldwin and
Carnegie (4) of 3:5 for the ratio of monomethyl to dimethyl-argi-
nine is clearly incorrect because it is based only on the ratio
found in tryptic peptide T 16 A where the dimethyl derivative would
be expected to predominate because of its greater resistance to
tryptic hydrolysis.



224 E.H. EYLAR

A B
w LYS NHs
[&]
<
<
g
n
@
<
22 25 30 40~ 4S
c D
W
[&]
-4
<
@
v
o
[72]
m
<
22 30 40 45 22 25 30 44K
E juys| [Hs NH3 ARG
W
O
z
g
[e0]
a
o
[%2]
@®
<

TIME (min)
Fig. 4. Amino acid analyses performed on the basic column of a Beck-
man autoanalyzer.(A) standard run of basiec amino acids and ammonia;
(B) hydrolysis of peptide T 16A (see Fig. 1) ; (C) dimethylarginine
plus ammonia ; (D) monomethylarginine plus ammonia ; (E) expanded
run of a hydrolyzate of the bovine Al protein (overloaded to show
dimethylarginine at the arrow).
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TABLE III

Amino Acid Composition of Tryptic Peptides T 16A
Containing Dimethylarginine from Various Species™

Bovine Chicken Guinea Human Monkey Rabbit Rat

pig

Lys - 1.0t - - - - -
Arg(Methyl)z 0.3 0.4 0.2 0.6 0.4 0.3 0.3
Arg 1.4 1.0 1.3 1.4 1.6 1.5 1.8
Thr - 1.0 - - - 1.0 -
Ser 2.0 1.2 2.1 1.9 1.9 1.8 1.8
Gly 1.6 1.7 1.8 1.8 2.0 2.3 1.8
Leu 2.0 2.0 2.0 2.0 2.0 2.0 2.0

+The turtle Al protein also contained dimethylarginine at the same
position, 0.2 mol/mol of peptide, as determined from a chymotryptic
peptide analogous to peptide P 10A. TTRatios normalized to Leu (2.0).

The importance of the methylated arginine residue is emphasized
by the phylogenetic distribution shown in tryptic peptide T 16A
(Table III). All species examined including chicken and turtle show
dimethylarginine at a position analogous to that in the bovine Al
protein.

The methylation of arginine residue 107 provides a hydrophobic
contribution that could stabilize a crucial interaction either with-
in the Al molecule or with other myelin components. It appears
highly specific and therefore relevant to the function of the Al
protein for many reasons : it is rare in proteins, occuring possibly
in histones in addition to the Al protein (61) ; it occurs at only
one of the 19 arginine residues in the Al molecule and it occurs in
the Al proteins from all species examined as well as in basic pro-
tein from peripheral nerve (unpublished observation).

The proline-rich region. - Located near the methylated arginine
residue 1is another rare region, a proline-rich region which includes
a triproline sequence :

96 101
-Pro-Arg-Thr-Pro-Pro-Pro-Ser
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Fig. 5. A possible conformation for the region of the Al protein
containing the methylarginine locus at position 107 (large arrow):
Phe-Phe-Lys-Asn-Ile-Val-Thr-Pro-Arg-Thr-Pro-Pro-Pro-Ser-Gln-Gly-
Lys-Gly-Arg (Methyl). The three small arrowspoint to the Pro-Pro-
Pro sequence. The two phenylalanine side chains occur directly
across from the methylarginine residue in this conformation.

A possible conformation for this region is shown in Fig. 5. It
is evident that severe conformational restrictions are imposed by
the proline residues that could produce the sharp U-shaped bend as
shown ; the Al protein would thus assume an open double chain struc-
ture. Viscosity studies reveal a 10:1 axial ratio, a figure more
compatible with a double chain structure than a random coil. The
proximity of the proline bend region to the methylated arginine at
residue 107 suggests an action in concert to stabilize the Al poly-
peptide chain. We speculate that stabilization might occur by cross-
chain interaction of the methylated arginine with the proximal
phenylalanine side chains.

The site of glycosylation. - Of a large number of proteins
tested (38) only the Al protein served as a natural acceptor for
the polypeptide : N-acetylgalactosaminyl transferase from sub-
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maxillary glands (39), an enzyme respomsible for formation of a
sugar-protein linkage as the crucial first step in the biosynthe-
sis of certain glycoproteins. The reaction involves the formation
of a glycosidic linkage as shown :

UDP-GalNAc + Al protein - Al protein-0-GalNAc + UDP

It was found that threonine served as the specific attachment
site for the N-acetylgalactosamine residue. Once the sequence of
the Al protein was determined, the problem was reinvestigated (41).
The Al protein was incubated with the transferase and a relatively
large quantity of UDP-GalNAc-14C in order to form sufficient amounts
of Al protein-GalNAc-14C product. Following trypsin digestion,most
of the radioactivity could be localized in only two radioactive
peptides shown on the peptide map (Fig.2). These peptides were iso-
lated ; as shown by their sequences (Table IV), it is evident that

TABLE IV

Identification of the Acceptor Region in the Al Molecule Recognized
by the Polypeptide : N-Acetylgalactosaminyl Transferase

Radioactive peptides

GalNAc-clé4
105
(Peptide T 3-C14)Asn-Ile-Val—Thr—Pro—Arg—Thr-Pro—Pro—Pro—Ser—Gln-Gly—Lys

(Peptide T2-Cl4) GalNAc-Cl4-Thr-Pro-Pro-Pro-Ser-Gln-Gly-Lys

Rabbit IgG region : -Lys-Pro-Thr-Cys-Pro-Pro-Pro-

GalNAc

Evidence for the threonine (no.98) as the acceptor residue of
peptide T2-Cl4

1. Only threonine significantly destroyed (32 7Z) by alkaline
borohydride treatment.

2. After one step of the Edman degradation, over 80 7% of the
Gal NAc-Cl4 was removed.




228 E.H. EYLAR

they are both derived from the same region of the pelypeptide chain,
the proline-rich region. The amino acid-sugar linkage was shown un-
equivocally to occur at threonine residue 98 giving Thr—-0-GalNAc-
L4c (Table 1V).

These data establish that only one residue is glycosylated in
the Al protein. It was concluded that the peptide region surroun-
ding the threonyl 98 locus must constitute a highly specific site
for recognition by the transferase, a site which likely contains
the essential residues for acceptor recognition during the biosyn-
thesis of mucins and other glycoproteins. A stiking comparison
exists with the hinge region of rabbit IgG (69) where a GalNAc-0-
Thr linkage is found proximate to a proline-rich region. We pro-
pose, therefore, that a Thr-X-Pro or Thr-X-Pro-Pro sequence may be
essential for acceptor activity. However, this is probably not the
only requirement. The 22 residue peptic peptide containing this
region, peptide P9-P10, also has receptor activity ; 40 % as high
as the Al protein (40). From these data, it is highly preobable that
like the immunologic properties of the Al protein, the acceptor
activity is dependent on localized tertiary structure over a short
segment of the polypeptide chain and not necessarily on some spe-
cial tertiary arrangement of distant segments of the Al polypeptide
chain.

The question arises whether the glycosylation produced in
vitro with the Al protein is fortuitous since it is not a glyco-
protein as isolated. It is possible that sugar residues are attached
at some stage prior to its assimilation into myelin and ultimately
removed (22).

The Induction of EAE

Many components of CNS tissue had been proposed as encephalito-
genic agents including proteolipid, collagen-like protein, glycolipo
peptides and phospholipids. The low level of encephalitogenic acti-
vity found in these materials could be accounted for by contamina-
tion with Al protein (54). Encephalitogenic basic peptide material,
molecular weight below 5000, derived by dialysis of defatted CNS
tissue, was also reported (54,65). Since the Al protein appeared to
be the only basic protein in myelin (34) in contrast to reports of
5-6 basic components (2), and since degradation occurs readily (34),
it was logical to assume that the active peptides were actually
derived by proteolysis from the Al protein. This interpretation was
in keeping with the open conformation of the Al protein suggesting
that the antigen(s) in the Al protein responsible for EAE resides
in a small region of the polypeptide chain. Since our main objective
has been to identify the encephalitogenic antigens, our strategy
has focused on peptides derived from the Al protein.
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Encephalitogenic peptides. — We reported (31) in 1968 the se-
quences of two peptic peptides which were highly encephalitogenic
in guinea pigs. These peptides (peptides E and El) were derived
from the same region of the Al protein ; the region surrounding the
single tryptophan residue (Tables V and VI). The peptides appeared
nearly as encephalitogenic on a molar basis as the original Al pro-
tin. It was evident that a major encephalitogenic determinant exis-
ted within the 14 residues of the peptide E. In view of the speci-
ficity of immunologic reactions, the peptide presumably maintains
a close spatial similarity to the same site in the intact Al protein,
thus providing strong support for the open conformation of the Al
protein. The high encephalitogenic activity of the tryptophan pep-
tide was later confirmed by Carnegie who isolated the identical pep-
tide from a peptic digest of human Al protein (11).

TABLE V

Encephalitogenic Activity of Synthetic Peptides

Peptide Encephalitogenic Sequence
T 18 + Phe-Ser—-Trp-Gly-Ala-Glu-Gly-Gln-Lys
E + Ser-Arg-Phe~Ser-Trp-Gly-Ala-Glu-Gly-Gln-Lys-
Pro-Gly-Phe
S1 + Ser—-Arg-Phe~Ser-Trp-Gly-Ala-Glu-Gly-Gln-Lys
S 2 - Ser—-Arg-Phe-Ser-Trp-Gly-Ala-Glu-Gly-Gln
S 3 + Ser-Arg-Phe-Ser-Trp-Gly-Ala-Glu-Gly-Gln-Arg
S 4 - Ser-Arg-Phe-Ser-Trp-Gly-Ala-Glu-Gly-Gln-Ile
S5 - Ser-Arg-Phe-Ser-Trp-Gly-Ala-Glu-Gly-TIle-Lys
S 6 + Ser—-Arg-Phe-Ser-Trp-Gly-Ala-Ile-Gly-Gln-Lys
s 7 - Ser—-Arg-Phe-Ser-Phe-Gly-Ala-Glu-Gly-Gln-Lys
S 8 - Ser-Arg-Phe-Ser-Val Gly-Ala-Glu-Gly-Gln-Lys
S 9 + Ser-Arg-Phe-Ala-Trp-Gly-Ala-Glu-Gly-Gln-Lys
S 10 + Ser—-Arg-Val-Ser-Trp-Gly-Ala-Glu-Gly-Gln-Lys
S 11 + Phe-Ser-Trp-Gly-Ala-Gly-Gly-Glu-Lys

Required sequence Trp- ---Gln-Lys
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TABLE VI
Immunological Properties of Peptides and Modified Derivatives
of the Al Protein

Peptide Residues EAE PHI Skin Capillary
or induction testTt test™™™ migration
derivatives int test TTTT
E 112-125 (14) Guinea pig + Neg. 65
Rabbit +
El 112=-133 (22) Guinea pig + Neg.
Rabbit +
T18 114-122 (9) Guinea pig + Neg. 60
Rabbit +
Monkey -
R 44-89 (46) Guinea pig + Neg.
Rabbit +
Monkey ?
CBI 1-22 (20) Guinea pig * Neg.
T 117-170 (54) Guinea pig - Neg. +
Rabbit -
Monkey +
L 1-117(117) Guinea pig - + +
Rabbit +
HNB-A1 1-170(170) Guinea pig - + + 35
protein Rabbit +
Monkey +
Oxidized 1-170(170) Guinea pig + + +
Al protein Rabbit +
Al protein 1-170(170) Guinea pig + + + 40
(Bovine) Rabbit +
Monkey +

TExperimental allergic encephalomyelitis (EAE) evaluated by clinical
and histologic evaluation (33,34).The (=) sign refers to activity
which is 10~100 fold less than the Al protein on a molar basis.ttMea-
sures the ability to inhibit antibody to the Al protein in the pas-
sive hemagglutination of erythrocytes (containing adsorbed Al prote-
in) .TTtMeasured as the area of erythema in guinea pigs (sensitized

9 days earlier with Al protein) produced after 24 h when injected
with 5-50 pg of test material intradermally.TtffData represents per-
cent migration of macrophages in chambers with antigen compared with
percent migration in chambers without antigen. The peritoneal exu-
dates used in this study were taken from guinea pigs 7 days after
sensitization with either peptide or Al protein derivative. Percent
migration in controls tested with albumin or y-globulin was 85-95.
Some of these data are from Spitler et al. (68).
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It has been reported that tryptic digestion of the basic protein
greatly reduced encephalitogenic activity in guinea pigs (14, 44,
49). We isolated, however, a tryptic peptide (peptide T 18), having
only nine residues, which was highly active (30). Significantly,
tryptic peptide T 18 was derived from the same tryptophan region

as the active peptic peptides (Table V). Interestingly, encephalito-
genic peptide T 18 is far less effective when present in the whole
tryptic digest than when given alone (30, 44).

Tryptic peptide T 18 established the length limit of the
active region as nine residues. In order to specify the essential
residues within the framework of peptide T 18, a series of peptides
were synthesized by the Merrifield solid state technique (70). The
encephalitogenic activity of synthetic peptide S1 equalled the
activity of the derived peptiec or tryptic peptides, and virtually
confirmed the determined sequence. The results (Table V) showed
that at least three residues are required for EAE induction, the
tryptophan, glutamine and lysine. The tryptophan was not replaceable
by phenylalanine, another aromatic residue. Lysine was replaceable
with arginine, another basic residue, which occurs at position 122
in the human sequence. Deamidation of the glutamine residue
(peptide S 11) leads to inactivation as judged clinically but still
produced histological lesions at 3 ug doses.

In summary, it appears that only one major determinant exists
in the Al protein which is responsible for EAE in the guinea pig.
Two other regions (12, 46) mentioned as possible antigenic sites,
residues 1-22 and 44-89, have only negligible activity in our
laboratory (26). The smallest active peptide segment is nine resi-
dues, identical with peptide T 18. If the NHp—terminal Phe is re-
moved, the activity is greatly reduced presumably because of the
proximity of the terminal amino group to the tryptophan residue.
Of the three essential elements, the tryptophan residue is of most
interest because it occurs only once in the entire Al sequence.
Thus the use of synthetic peptides permitted definition of the es-
sential elements of the tryptophan region in disease induction in
guinea pigs.

Modification of the tryptophan residue. - The agent 2-hydroxy-
5-nitrobenzyl (HNB) bromide is ideal for modifying the tryptophan
residue of proteins because the reaction is specific and complete
(5). When the single tryptophan residue of the Al protein is modi-
fied, the protein becomes virtually inactive in guinea pigs, as
first reported in 1969 (32), when tested at 150 ug (Table VI) ;
no clinical signs were found, and only a paucity of histologic
signs (29, 44). These results have now been confirmed elsewhere (16)
and offer strong evidence that the tryptophan site is the major
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encephalitogenic antigen in the Al protein when tested in guinea
pigs.

Cleavage at the tryptophan residue. - Further elucidation of
the structure responsible for EAE induction was made possible by
using peptides derived from the Al protein by chemical cleavage
of the COOH-tryptophanyl linkage with N-bromosuccinimide (32) or
BNPS-skatole (10). The latter agent is preferable because it is
more specific ; cleavage at other residues such as tyrosine and
histidine does not occur. Approximately 40 percent of the Al
molecules were cleaved yielding two peptides, referred to as
peptides L (1-117) and peptide T (118-170), which were subsequently
isolated. As expected from cleavage of the tryptophan region, these
two peptides were relatively non-encephalitogenic (Table VI). It
should be noted, however, that the oxidized Al protein, prepared
by oxidation of position 2 of the indol ring of tryptophan (with
BNPS-skatole) under mild conditions where cleavage is negligible,
was still fully active (10) (Table VI). Thus, unlike the case of
the HNB modification, where the bulky group adds to the tryptophan
across positions 2 and 3 of the indol ring, oxidation at position
2 does not violate the critical participation of the tryptophan
residue in eliciting the immunologic response leading to EAE.

Peptides T and L provide useful means for segregation of im-
munologic properties of the Al protein. In the passive hemaggluti-
nation inhibition (PHI) test, antibody, if premixed with Al pro-
tein, is prevented from agglutinating chicken erythrocytes to which
Al protein is adsorbed. It was found that peptide L, but not pep-
tide T,was very active in the PHI test (10), approximately equal
in activity to the Al protein (Table VI). It was concluded that
a major antigenic site, reactive with humoral antibody, resides
in the peptide L region. In contrast, peptides from the tryptophan
region were inactive in the PHI test. Similar results in the PHI
test were obtained with antisera from sheep, rabbits, guinea pigs
and monkeys (42).

These results may help to delineate between cell-mediated and
humoral factors in EAE with regard to both disease induction and
suppression. It is still uncertain whether the immunologic events
associated with EAE are entirely due to cell-mediated phenomena or
whether circulating factors are also involved (1). It is clear that
within the Al molecule the encephalitogenic determinant does not
coincide with the antigenic region associated with antibody as mea-
sured by the PHI test. Moreover, this antibody may be associated
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with blocking or suppression of the encephalitogenic response (67).
These data are consistent with results obtained with the HNB-Al
protein, which was fully active in the PHI test, and shows that

the antibodies responsible for the PHI test do not require the
tryptophan region, but are primarily directed toward some other
site of the Al molecule (29, 42).

Delayed hypersensitivity. - Cell mediated immunologic events
have generally been emphasized in EAE because of the close associ-
ation with delayed hypersensitivity and disease development (1).

We showed (34) a parallel in development of histologic lesions in
EAE (perivascular cuffing) and the delayed-type skin response;both
appeared five days after sensitization and both increased in severi-
ty until the twelfth day. The correlation between the delayed-skin
test and disease development is not a necessary prerequisite for
EAE, as previously suggested (1), since the two phenomena can be
dissociated as shown in Table VI. The HNB-Al protein, which does

not induce EAE, nevertheless gives a delayed hypersensitive response,
as strong as the Al protein as measured by skin-test, lymphocyte
stimulation and macrophage migration—inhibition (68). These data
reveal that other regions of the Al molecule, unlike the tryptophan
region, are capable of inducing delayed hypersensitivity but not
disease in guinea pigs. This result was confirmed using peptides L
and T, both of which give a definite delayed-skin reaction, but
which do not induce EAE. If EAE is primarily due to cell mediated
phenomena, it is not clear why some antigenic sites, which induce
sensitized lymphocytes, do not lead to the disease state. Discri-
mination at the target tissue, or alternatively, the relative num-
ber of sensitized cells to a particular antigen might be factors to
explain these results ; but humoral factors might also be involved.

As expected, the tryptophan region as defined by synthetic
peptide S1 induces a delayed hypersensitive reaction in guinea
pigs (Table VI) as measured by the MIF test, which is produced in
response to either the peptide or the Al protein. A positive de-
layed-type skin test is also induced by the peptide, but it is
necessary to employ large concentrations of peptide, presumably
because of its more rapid diffusion from the skin site.

Other antigenic sites responsible for EAE. - Once it was es-
tablished that the tryptophan region was primarily responsible for
EAE in the guinea pigs, two questions arose : does this region ac-
count exclusively for the encephalitogenic activity of the Al pro-
tein in the guinea pig, and is it active in other species? Although
other regions of the Al molecule may have trace activity in the
guinea pig, it is clear that the tryptophan region, as defined by
the nine residues of peptide T 18 is the major site since : (a) it
is nearly as active on a molar basis as the intact Al protein ;
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(b) the HNB-modification of the Al protein is several hundred fold
less active ; and (c) Al proteins of all mammalian species tested
thus far including bovine, rat, mouse, dog, human, monkey, horse,
guinea pig and rabbit have the same activity in guinea pigs (42)
and the same sequence in the tryptophan region (except for Lys to
Arg changes in human and rat Al proteins). Only the chicken and
turtle Al proteins, where the sequence is modified, are nonencepha-
litogenic. Thus the phylogenetic variation as tested in guinea pigs
is consistent with the structural requirements established with the
synthetic peptides.

It has been proposed (12) that the peptide with residues 1-20
derived by CNBr treatment of the Al protein is encephalitogenic in
guinea pigs. In our laboratory, we have not been able to confirm
this result. In any case, a recent report (52) now shows that it
has insignificant activity, 500 fold less active than the trypto-
phan region.

We recently (26) derived a peptide, referred to as peptide R,
from the Al protein in high yield that is active in rabbits, but
not active in guinea pigs. This peptideé appears to be identical
with that derived from spinal cord degraded during acid extraction,
which was shown to be active in rabbits (46). The acid protease
(59) responsible for the degradation, is similar to pepsin and ap-
pears to show a preference for the Phe-Phe linkages which are clea-
ved at each end of the peptide R molecule. Thus peptide R, which is
not significantly active in guinea pigs, contains a peptide region
which is encephalitogenic in rabbits. In the Al molecule, therefore,
it appears that two major antigens exist which induce disease in
rabbits. It should be noted that peptide R does not combine in the
PHI test with rabbit antibody to the Al protein, again showing that
encephalitogenic sites do not necessarily represent an antigenic
focus for humoral antibody (Table VI).

It was reported by Kibler et al. (47) that peptide R contained
10 percent contamination. A critical factor in the study of ence-
phalitogenic peptides is purity. Because of the limitations in the
EAE assay, and the high activity of some peptides, it is essential
that strict precautions be taken to insure the absence of contami-
nants. Even 5 percent contamination could prove misleading.

EAE in monkeys. — Kabat et al. (45) established over 20 years
ago that the monkey is an ideal animal for study of EAE induced by
whole CNS tissue. Because of the relevance to human demyelinating
disease, we investigated EAE induction in the monkey using the pu-
rified human Al protein ; a consistent course of clinical and his-
tological signs of EAE was found not unlike that seen when whole
CNS tissue is used (33). Clinical signs develop on days 13-25 ;
the histologic lesions are characterized by infiltrations of poly-
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morphonuclear cells as well as lymphocytes,in contrast to guinea
pigs where the polymorphonuclear cells were rarely observed. It is
likely that the ratio of Al protein to tubercle bacillus in the
Frend's adjuvant may influence the timing and severity of EAE de-
velopment ; the ratio was 1,000 fold larger in the monkeys than in
the guinea pigs.

In order to ascertain the antigenic regions of the Al protein
responsible for EAE in the monkey (28), a series of peptides were
tested for encephalitogenic activity (Table VI). Neither the tryp-
tophan peptide nor peptide R was appreciably active, but peptide T
was very active, equal to the Al protein on a molar basis. Peptide
R showed some activity at high concentration, but interpretation
must be made with caution, because of the possibility of trace con-
tamination with a highly active peptide. The HNB-Al protein is en-
cephalitogenic in monkeys, thus confirming the inactivity of the
tryptophan region (Table VI).

The activity of peptide T suggested that, in monkeys, the main
encephalitogenic site resided in the COOH-terminal region. This
result was confirmed with the finding that peptide Pl4, a 37-resi-
due peptide beginning with tyrosine residue 134, was also very ac-
tive (Fig. 1). By analogy to the tryptophan region, it can be anti-
cipated that a small region of perhaps 6-10 residues will be found
in this region as the major diseaese-inducing site. There is no ob-
vious similarity of the sequence in peptide P14 to either the tryp-
tophan or peptide R regions. These data further emphasize the phylo-
genetic variation in the immunologic response leading to EAE. Be-
cause of this variation, there is no assurance that the disease-
inducing site in humans is the same as in monkeys. It is apparent
that this antigen is present in the human, monkey, bovine and rab-
bit Al proteins since all induce EAE in the monkey. Based on the
results of postrabies encephalitis in man, which can be considered
very similar to EAE, it is apparent that the specificity for di-
sease induction in humans is present in both the rabbit and mouse
Al proteins.

Blocking and Suppression of EAE with Al Protein

Several studies (3, 17, 20) in guinea pigs have shown that if
basic protein material (not always characterized was given prior
or near the times of sensitization, then EAE induction was inhibi-
ted. The mechanism for blocking EAE is not understood ; it could
involve either induction of tolerace or the production of blocking
antibody (67). We have also studied the blocking of EAE in guinea
pigs (antigen given prior to sensitization) as well as suppression
(antigen given after sensitization). It is surprising that the HNB
derivative, which is not encephalitogenic, is nearly as effective
as the protein in suppressing EAE when given 5-7 days after sensi-
tization.
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In order to achieve conditions more clinically relevant, we
used human Al protein to suppress EAE in monkeys at the most cri-
tical stage in disease development, after clinical signs had ap-
peared. As Table VII shows, thirteen of sixteen animals survived
when the Al protein or HNB derivatives was administered within
24-48 hours after unmistakable clinical signs had been observed ;
these signs included ataxia, hind leg weakness, uncoordination and
lethargy. Loss of appetite always occurred 2-5 days earlier. All
20 control animals died within 1-3 days ; 2 of 3 animals of the
suppressed group survived 10 and 23 days before dying. It should
be noted that in the 13 animals which survived, the clinal signs
disappeared, and the animals appeared normal.

TABLE VII

The Suppression of EAE in Rhesus Monkeys Following Appearance
of Clinical Signs

Suppressivet Total No. No.developing No.dead No.recovered
treatment of animals clinical signs

Al protein 12 12 3 9
HNB-Al protein 4 4 0 4
Histone 10 10 10 0
None 10 10 10 0

+EAE was induced in all monkeys by injection into the footpad of

a total of 5 mg Al protein (human) in complete Freund's adjuvant.
Suppressive treatment, with the material indicated, was begun when
unmistakable clinical signs of ataxia, weakness or paralysis, and
loss of coordination had appeared. Anorexia generally preceded
these signs by 2-4 days. Control animals died in 1-4 days after
general clinical signs were first observed.

In all cases, the animals were given procaine penicillin G

(75,000 units/day), and when not eating were force fed twice daily
with A-B-dextrose solution (40 ml total), Allstate Veterinary
Supply Company.
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Two major points emerge from this study : a short-term suppres-—
sion in which improvement in the clinical state was observed within
24 h after the first doses,and a long-term effect in which perma-
nent suppression was observed as long as suppressive injections
(2 mg/day) are sustained daily beyond a 10-12 day period. If in-
jections were stopped at any time during this critical period,then
full expression of clinical signs of EAE reappeared after a 3-4 day
lapse. Even after 7-9 days of injections, at which point the mon-
keys had returned to an apparently normal state, cessation of in-
jections led eventually to a return of severe clinical signs.How-
ever, in these animals also, the clinical course of the disease was
again reversed, and a normal state was attained when suppressive
treatment was resumed.

The most probable mechanism of suppression appears to be a
direct destructive action of the injected antigen on the sensiti-
zed lymphocytes which mediate the disease. The long-term suppres-—
sion could be explained as the complete destructive action on all
sensitized cells including those in central lymphoid tissue ; an
alternate explanation involves participation of humoral antibody
which was found in 30 percent of the animals two weeks after the
last suppressive injection. The predominant role of sensitized cells
in the immunopathology of EAE has been shown by many studies (1).
Antilymphocytic serum has been shown effective in suppressing EAE
if given soon after sensitization (53). Moreover, if lymphocytes
are pretreated with neural tissue, they become ineffective in the
passive transfer of EAE (63).

Significance of suppression. — This study appears to be one of
the first cases of complete reversal of an experimentally produced
autoimmune disease after manifestation of definite clinical signs.
With the exception of cyclophosphoamide treatment of rats (64), it
should be stressed that chemical agents, which inhibit EAE if given
near the time of sensitization, are not capable of suppressing di-
sease if given after onset of clinical signs. Because of its speci-
ficity, it is apparent that the use of a purified, defined antigen
is preferable to immunosuppressive drug therapy. Our results, there-
fore, may suggest a relevant clinical approach in human immunopatho-
logy, particularly in demyelinating disease where similarities to
EAE exist.
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THE CONTROL OF MYELIN SYNTHESIS AND INBORN ERRORS OF METABOLISM

P. MANDEL

Centre de Neurochimie du CNRS, 67-Strasbourg (France)

Morphological evidence indicates that glial cells proliferate
and differentiate shortly before myelination. Myelin is then formed
in the central nervous system by wrapping of oligodendrocyte plasma
membrane around the axon (4, 15, 16). Thus in the biogenesis of
myelin, it is necessary to consider the phenomenon at three levels;
a morphological level, a supramolecular level and a molecular level.

At the morphological level we have to take into account pheno-
mena associated with the proliferation, migration and differentiation
of glial cells, involving in particular an increase in cellular mass
and the arrangement of the oligodendroglia in chains.

At the supramolecular level we must study the elongation of
glial cell membranes, and the processes of controlled addition of
components to, and loss of components from these proliferating mem—
branes.

At the molecular level it is necessary to understand the syn-—
thesis of myelin-specific proteins such as the proteolipids (7),the
basic proteins (18,19), the "Wolfgram'" proteins (34) and possibly
other proteins. It 1is also necessary to study the biosynthesis of
myelin-specific lipids such as the galactolipids with long-chain un-
saturated and hydroxy fatty acids. It is necessary, however, to bear
in mind that these lipids may exist in low concentrations in other
cells. Finally, it is necessary to analyse the biosynthesis of lipids
which are not specific to myelin such as the phospholipids and cho-
lesterol. The control of the molecular processes may occur by feed-
back inhibition of rate-limiting enzymes, by substrate regulation
or by induction, and repression at the genetic level, of both the
synthetic and degradative pathways.
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Myelin Proteins

Given that the genetic code and the mechanism of protein bio-
synthesis are universal, it must be accepted that the deficiency in
the biosynthesis of myelin proteins will occur either at the trans-
cription level by regulation of the synthesis of mRNA or at the
translation level on polysomes, due to a defect on the general pro-
tein biosynthetic system. Many studies have shown that deposition
of myelin lipids starts in the very young animal (around 10 days in
rat and mouse). This process then reaches a maximum rate around 19
days, decreasing thereafter. Since proteins form part of the basic
skeleton of myelin, one would expect parallel changes in the bio-
synthesis of proteins, that is either in the rate of transcription
of the corresponding mRNA's or in that of the translation of mRNA's
during myelination. In view of the difficulty of isolating and cha-
racterizing specific mRNA's, this hypothesis can only be tested in

an indirect way. Thus, we
lipids during ontogenesis
mice described by Sidman,

Proteolipids seem to
quantitatively studied in

investigated the change in myelin proteo-
in normal mice and in the myelin-deficient
Dickie and Appel (30).

be the only protein fraction which can be
total brain. The lack of the proteolipid

band in the electrophoregrams of homogenates of myelin-deficient
mutant brains suggests strongly that other protein bands do not over-
lap with the myelin proteolipid band (Fig. 1). During myelination,
the amount of proteolipids in control mouse brains (estimated by
densitometry of protein profiles in polyacrylamide gels) increased
from 18 ta 772 ug per brain. In the Jimpy mutants, the level of 35 ug
found at 15 days remained constant or diminished slightly. In the
Quaking mutants, there was less than 10 7 of the normal amount of

the myelin proteolipid (Table I).

TABLE I

Absolute Levels of Band 7 and Band 11 Proteolipids in Normal and
Jimpy Mice as a Function of Age

Age Normal Jimpy Normal Quaking
7 11 7 11 7 11 7 11
10 days 18.4 101.5
15 days 127 150 35.5 175
25 days 395 132 30.2 196
Adult 772 200 830 162  67.5 290
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Fig. 1. Densitometric profiles of electrophoretograms of proteolipid

proteins extracted from control and Quaking mutant mouse brains.
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The choice between deficiency in transcription or in trans-—
lation cannot be made without further experimental evidence. How-
ever, the decrease in the proteolipid protein levels in Quaking,
without an equally marked decrease in basic protein levels found
also by Jacque et al. (9), is rather in favour of a defect at the
transcription level. This tends to rule out a general deficiency in
the protein biosynthesis machinery at the ribosomal level.

2',3'-Cyclic AMP 3'-Phosphohydrolase

This phosphohydrolase described by Drummond, Iyer and Keith
(5) was found by Kurihara and Tsukada (13,14) to be concentrated
in the myelin fraction. There was a rapid accumulation of this en-
zyme activity in normal mice, whereas this enzyme is present at
much lower levels in the Jimpy and Quaking mice (11,12). Quaking
mice show histologically more myelin than the Jimpy (6,30,35) and
there was more enzyme activity in the Quaking mice than in the Jimpy.
Since this enzyme does not decrease in activity after myelination,
as is the case for the enzymes involved in myelin biosynthesis,this
enzyme can be used as a marker for myelin.

Gangliosides

Various workers have shown that one of the most striking dif-
ferences between normal and myelin-deficient brains is the markedly
reduced level of cerebrosides and sulphatides in the latter (2, 8,
26, 27, 30). Preliminary studies (26) suggested that ganglioside
levels were hardly affected, thus suggesting that there was no de-
fect in ceramide synthesis in the mutants.

However, a closer examination of the results has shown that the
ganglioside GM]| was present in lower amounts in the mutant mice
(Table II). This can be related to the work (31, 32) which suggests
strongly that at least a part of this ganglioside is found in myelin.
But since the reduction is much less marked for this ganglioside
than for the cerebrosides, it suggests that this ganglioside is
neither exclusively localized in myelin, nor produced exclusively
by oligodendroglia. Therefore our initial conclusion that ceramide
synthesis is not blocked in the neurological mutants must be quali-
fied to allow for a possible block of ceramide synthesis in oligo-
dendroglia.

Studies of the UDP-glucose : ceramide glucosyl transferase
activity as a function of age have shown for the normal mouse a
maximum enzyme activity before myelination followed by a decrease
in the enzymatic activity (Fig.2). In the mutants the values are
very close to normal at all times.
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TABLE II

Ganglioside Distribution in Control, Quaking and Jimpy Mouse Brains

28 days 60 days
Control Jimpy Control Quaking

Gg (GMy) 4.6 4.2

14.3 + 10.2
Gy (GMy) 12.1 + 8.0
G3,(GD3) 7.2 7.9

38.1 37.1
G3 (GDy,) 30.6 30.3
G2a(GD,) 10.2 11.4 10.5 10.4
Gy (GD1p) 12.6 12.6 12.8 12.9
Gy (GTp) 15.3 15.4 16.3 14.9
Gy (GQp) 4.9 4.6 4.9 5.0
Origin 2.7 3.4 3.6 4.1

+ p < 0.01. The results (average of 4-6 experiments are expressed
as a percent of total NANA, The ganglioside nomenclature of Korey
and Gonatas (8) is used, with Svennerholm (30) equivalents in
brackets.

s

250

125

CPM/MG PROTEIN/SIMIN

] 5 " 15 0 25

AGE (DAYS)
Fig. 2. Developmental curve of UDP-glucose ceramide glucosyl trans-
ferase with age in control —— and mutant --—-—  brains.
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Cerebrosides

The pathway for cerebroside synthesis can pass through sphingo-
sine or ceramide (Fig. 3). In normal mice UDP-galactose :sphingosine
galactosyl transferase appeared at high levels during myelination
but later decreased in activity (20,22). The same pattern was obser-
ved in the Jimpy and Quaking mice, although the levels of enzyme
activity reached were very much lower. We have ruled out the possi-
bility of activation and inhibition effects, rather than of enzyme
synthesis, by performing crossed incubation both for extracts from
normal mice at different ages, and from Jimpy mice. The values ob-
tained were close to those expected assuming that there was no inhi-
bitory or activating effect. The parallel development of this enzyme
and the myelin defect in the mutant myelin-deficient mice is an
indication that this metabolic pathway exists in vivo.

For the UDP-galactose : ceramide galactosyl transferase the
evolution of the enzymatic activity as a function of age was similar
to that of UDP-galactose sphingosine galactosyl transferase : in-
creased enzyme activity during myelination followed by a decreased
enzyme activity. Thus it seems likely that this pathway also exists
in vivo. In the mutants a considerable reduction in the enzyme acti-
vity was observed (21). Inhibitory effects were also ruled out in
this case. These enzyme activities were however present in the peri-
pheral nervous system of the mutant mice where myelination is not
affected.

PALMITIC ALDEHYDE
+ SERINE
DIHYDROSPHINGOSINE

SPHINGOSINE

UDP-GaT ACYL-CoA

CDP-CHOLINE

PSYCHOSINE UDP-Gal CERAMIDE —s SPHINGOMYELIN
ACYL::jf”’/”,/f”’ UDP- Glu
CEREBROSIDE CERAMIDE-GLUCOSE

PAPS UDP-Gal

SULPHATIDE CERAMIDE-LACTOSE
CMP-STALIC ACID

v
GANGLIOSIDE

Fig. 3. Possible pathwavs for sphingolipid biosynthesis in brain.
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Sulphatides

McKhann and Ho (17) have shown that the enzyme activity for the
incorporation of sulphate either in a simple homogenate or in a
homogenate containing galactolipids, reaches a maximum during mye-—
lination. In normal mice we have studied two possibilities : the
transfer of sulphate to psychosine or to cerebrosides. The activity
of transfer of sulphate to psychosine developed in a bell-shaped curve
(24) as did the transfer of sulphate from PAPS to cerebrosides (29).
The only other organ in which this enzyme for the synthesis of sul-
phatides is found in a high amount is the kidney. In the mutant, in
the premyelination period, the values for this enzyme activity were
close to normal values in both organs, kidney and brain. During the
period of myelination, the values in the mutant brain were lower than
the normal, but the kidney enzyme was not affected (Fig. 4). It is
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Fig. 4. In vitro formation of sulphatides from 5S-PAP in the presence
of exogenous galactocerebrosides by the PAPS-cerebroside sulphotrans-—
ferase of normal and Jimpy mice as a function of enzyme concentration.
Each point is the average of 3 experiments. Vertical bars represent
the range of values.
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possible that this type of curve in the mutant mice can be inter-
preted in terms of two enzymes. One enzyme concerned with the syn-
thesis of extramyelin sulphatides which is not affected,whereas the
enzyme involved in myelin sulphatide synthesis, presumably found in
the oligodendrocyte, is reduced. The lack of sulphatide is not due
to the cerebroside deficiency since we tested sulphatide synthesis
in the presence of exogenous cerebrosides (29).

Long-Chain Fatty Acids

It is known that cerebrosides contain long-chain unsaturated
and hydroxy fatty acids. A reduction in the levels of these fatty
acids has been observed in Quaking mice (2) and we have observed a
similar reduction in Jimpy mice (25). The pathway of fatty acid elon-
gation seems disturbed (3, 28).

Discussion

Several questions concerning the enzyme deficiency of myelin
formation can be discussed in the light of the data obtained in the
myelin deficient mutants. The "premyelin'" fraction observed by
Banik and Davison (1) is relatively poor in cerebrosides and sul-
phatides but contains 2,3'-cyclic AMP 3'-phosphohydrolase. This
fraction may exist in the mutant. The decrease in brain proteins,
after cerebroside synthesis should have commenced, may correspond
to a degradation of the premyelin fraction. However membranes other
than myelin containing 2',3'-cyclic AMP 3'-phosphohydrolase have
been reported (36). It could be that the 'premyelin'" is a subellu-
lar fraction somewhat enriched in glial cell plasma membrane upon
which the assembly of myelin specific lipids starts.

Summarizing the data on the mutant mice, we see that there was
a lack, not only in the synthesis of long chain unsaturated and
hydroxy fatty acids as was found in Quaking mice (2,3,28) but of at
least four other enzymes. The synthesis of myelin-specific proteins
was also affected. This indicates that the biogenesis of myelin is
a coordinated phenomenon as studies on normal mice would suggest,
where a whole series of enzymes is transcribed and translated in
parallel. Some hypotheses for the regulation of this process can be
envisaged

- There could be induction of a "myelin-enzyme' operon.

- There could be a sequential transcription phenomenon where
one enzyme or its products regulate the transcription of enzymes
involved in later stages of myelin biosynthesis.

Both these processes could be dependent upon prior induction of
oligodendrocyte migration and differentiation. Thus the basic defect
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of the mutant could be related to an impairement of the differen-
tiation of oligodendrocytes prior to the synthesis of the enzymes
directly responsible for the synthesis of myelin constituents.

Thus studies on the mutant mice have clarified a certain number
of aspects of myelin biosynthesis and the metabolic pathways involved.
There is a segregation of genetic control of myelination in the CNS
and in peripheral nerves. The transcription and translation of en-
zymes involved in the biosynthesis of myelin specific lipids are
coordinated phenomena, induced at a precise period of ontogenesis.
After the myelination crisis these enzyme activities decrease. Oligo-
dendroglial differentiation and myelination seem to be genetically
controlled by at least two different chromosomes, since the Jimpy
mutation is sex-linked while Quaking mutation is autosomal recessive.
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ISOLATION AND CHARACTERIZATION OF MYELIN PROTEIN FROM ADULT QUAKING

MICE AND ITS SIMILARITY TO MYELIN PROTEIN OF YOUNG NORMAL MICE

Pierre MORELL, Seymour GREENFIELD, William T. NORTON and
Henry WISNIEWSKI

Saul R. Korey Department of Neurology and Department of
Pathology (Neuropathology), Albert Einstein College of
Medicine, Bronx, New York 10461 (USA)

Quaking is a genetically determined neurological disorder of
mice in which the homozygotes are characterized by marked tremors
and seizures. Sidman, Dickie and Appel (16) demonstrated histologi-
cally that the CNS showed incomplete myelination without marked
changes in the axons. Ultrastructural studies (4, 18) have shown
that the myelin sheaths are thin and uncompacted, that there is un-
even growth of lateral loops, and that nodes of Ranvier are poorly
developed (Fig. 1). These observations regarding the CNS of the
mature Quaking mouse are very similar to those seen in the normal
mouse during the early period of myelinogenesis (8-12 days).

Lipid analyses by several laboratories (3, 5, 9, 15) indicate
low levels of myelin specific lipids in Quaking, as compared to
control mice. The depression of galactosylceramide (cerebroside)
levels is especially marked. An analogy between the lipid composi-
tion of myelin of adult Quaking mice and young controls has been
demonstrated (17). We have investigated the terminal step in bio-
synthesis of galactosylceramide, galactosylation of ceramide by UDP-
galactose : ceramide galactosyl transferase (6). In vitro this en-
zymatic activity is about 60 percent depressed in Quaking mice
during the age period of most rapid myelination. Related enzymatic
activities studied as controls included condensation of palmitoyl-
CoA and serine to form ketodihydrosphingosine, acylation of sphingo-
sine to form ceramide and glucosylation of ceramide to form glycosyl-
ceramide. These enzymatic activities were present at the same level
in mutant mice and normal littermates. Independent observations in-
dicating a depression of cerebroside biosynthesis in Quaking have
been made by Neskovic, Nussbaum and Mandel (12).
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Fig. 1. Spinal cord of a 30 day-old Quaking mouse ; transverse
section ; note the spiralization with partial compaction of myelin
lamellae ; X 47,000. (Ref.19).
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Fig. 2. Schematic representation of the distribution of material
after isopycnic separation of crude myelin on a continuous CsCl
gradient. Results with preparations from Quaking (Qk) and controls
(Cont) mice are shown,

Since the morphological observations and studies of brain li-
pids indicated that the mutation was expressed primarily as an
aberration involving myelin,we decided to investigate the protein
composition of myelin. In order to establish the quantitative re-
lationship of various minor protein components to each other, and
to the major proteins, it was necessary to study isolated myelin,
The method used to isolate myelin, was that of Norton and Davison
(in preparation ; see also Ref,13) and involves preliminary sepa-
ration from other subcellular fractions on a discontinuous sucrose
gradient. The crude myelin thus obtained is subjected to osmotic
shock and further purified on a CsCl gradient. The CsCl gradient
(Fig. 2) separates the crude myelin of normal mice into two well
separated bands. Often a partial separation of the upper band into
two components is observed if the gradients are handled very care-
fully. The relative proportion of material in these two bands is



254 P. MORELL et al.

Fig. 3. "Upper layer" material from a CsCl gradient as shown in
Fig. 2 (right hand tube). The crude myelin loaded on the gradient
was from normal 45 day-old mice, Material from the upper layer was
removed with a pipette, diluted with water, collected by centrifu-
gation and prepared for electron microscopy as described by Raine,
Poduslo and Norton (14). The only identifiable elements are myelin
lamellae ; X 52,000, (Reduced 40% for reproduction.)

Fig. 4, Material from the lower layer of a CsCl gradient (same pre-
paration as described in Fig.3) was examined, Between the aggrega-
tes of unidentifiable membranous material,scattered profiles of
short segments of myelin lamellae (arrows) are visible;X 65,000,
(Reduced 40% for reproduction.)
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age dependent (see below) but all the material in the upper band
appears to be highly purified myelin by electron microscopic cri-
teria (Fig.3). The lower layer of material (Fig.4) contains many
small pieces of myelin, and large amounts of unidentifiable membra-
nous material, In some sections a significant percentage of materi-
al identifiable as the membranous components of endoplasmic reticu-
lum and mitochondria was visible., This material is probably the
"myelin-like" fraction described by Banik and Davison (2) and
Agrawal et al., (1). The phrase "myelin-like" as used by these au-
thors is based on certain biochemical similarities and does not re-
fer to ultrastructure. Although recognizing the priority of these
authors in studies of such a fraction we feel that the term "mye-
lin-like" may eventually lead to confusion, since myelin is defi-
ned as a morphological entity. The subcellular fraction under con-
sideration, as characterized ultrastructurally both by Agrawal et
al. (1) and ourselves,does not morphologically resemble myelin

but is a membranous fraction of unique density, We will therefore
preferentially use the operational term '"lower layer material',

When myelin is isolated from the brains of Quaking mice by the
CsCl technique a band of myelin formed in the CsCl gradient, This
band was slightly lower than the myelin from control mice, and,by
visual inspection, appeared to correspond in density to the lower
part of the upper band from control preparations (Fig. 2). The
amount of myelin isolated from Quaking mice was only 5-10 percent
of that from littermate controls, and it could not be differenti-
ated by electron microscopy from myelin of control mice. The gra-
dient on which the crude Quaking myelin was separated contained a
diffuse, uncompacted, pellet which was distinctly lower than the
lower layer from control animals (Fig., 2). This material is elec-
tron dense and granular but has no recognizable cellular elements
(Fig. 5).

To investigate the protein composition of these myelin prepa-
rations we adapted the technique of discontinuous, polyacrylamide
gel electrophoresis in sodium lauryl sulfate buffers developed by
Maizel and Laemmli (in preparation, see also Ref,10). In this sys-
tem,separation of proteins is almost exclusively on the basis of
molecular weight, the smaller proteins migrating more rapidly. Mye-
lin from mutant and littermate control mice was electrophoresed
with standards of mouse basic and proteolipid protein (Fig. 6).
Myelin from bovine white matter, along with appropriate standards
was also examined since mouse myelin has not previously been cha-
racterized and compared to other myelins, Standards of basic and
proteolipid protein were prepared by a modification (8) of the pro-
cedure of Gonzalez-Sastre (7). The beef myelin consists primarily
of basic protein and proteolipid protein in agreement with reports
from many laboratories. The presence of other protein is indicated
by other dye absorbing bands, two between the basic and proteolipid
protein and several in the high molecular weight region of the gel,



256 P. MORELL et al.

Fig., 5., Pellet fraction from a CsCl gradient as shown in Fig. 2
(left hand side). Material from this fraction was prepared for elec-
tron microscopy (legend to Fig. 3). It consists of electron dense,
granular material without recognizable cytoplasmic organelles ;

X 46,000, (Reduced 407 for reproduction.)

Fig. 6. Polyacrylamide gel electrophoresis of myelin proteins and
standards. 150 ug of delipidated myelin protein from (3) beef,(4)

10 day-old normal mouse,(5) Quaking mouse,(6) littermate control of
Quaking mouse were electrophoresed and stained with fast green,Stan-
dards (30-50 ug) include (1) beef basic protein,(2) beef proteolipid
protein,(7) mouse proteolipid protein,(8) mouse basic protein. Mouse
proteins are labelled Bj, (fast migrating basic protein) ; Bp,(slo-
wer migrating basic protein) ; P, (proteolipid protein); W, (major
"Wolfgram" protein), (Ref.8).
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The major high molecular weight protein is presumably the acidic
protein described by Wolfgram and Kotorii (19), Differences between
beef myelin and myelin from normal mice (Fig.6, lanes 3 and 6) in-
clude the presence of two basic proteins in the mouse sample (a re-
sult obtained with rat myelin by Martenson, Diebler and Kies,Ref,
11) and a smaller percentage of high molecular weight components

in the beef myelin, When the protein pattern of myelin from Quaking
mice (Fig, 6,lane 5) was compared to that from normal littermates,
it was observed that although the patterns were qualitatively iden-
tical, there were major quantitative differences in the distributi-
on of proteins. Resolution has been lost in reproduction but upon
visual inspection of the original gels there are at least ten bands
in the high molecular weight region and these correspond in the two
gels, Myelin from Quaking mice (Fig, 6, lane 5) has much less basic
protein and proteolipid protein, and consequently a much higher per-
centage of high molecular weight proteins. As mentioned previously
the in vivo morphology of the myelin sheath was similar to that of
young, 8-12 day-old animals, Therefore, we prepared myelin from 10
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Fig, 7. Densitometry of polyacrylamide gels containing myelin pro-
teins., Although each gel had 150 yug of protein, areas under the
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day-old animals and ran it along with the other standards (Fig.6,
lane 4). The similarity of the protein patterns of myelin obtained
from Quaking animals or from young mice, in contrast to the protein
distribution of myelin from adult mice, is clear in the photographs
of the gels (Fig. 6). A quantitative evaluation can be made from the
densitometer tracings shown in Fig, 7.

The evidence discussed above indicated that the Quaking gene
is expressed largely as an arrest in myelinogenesis and therefore
we started to examine the pattern of myelin maturation in control
mice more carefully., As indicated in Fig. 2,crude myelin from nor-
mal mice separates into two bands on a CsCl gradient, The amount of
material in each band is dependent on the age of the animals and
such data is plotted in Fig. 8, The amount of lower layer material
remains relatively constant with age, while mature myelin accumula-
tes in the upper band. The relationship of the myelin and "lower
layer" fractions was studied by comparing the protein composition
of each fraction at various age points (Fig. 9) ; as can be seen
all samples contain the same protein bands in varying proportions,
The myelin proteins of mature mice consist largely of basic and pro-
teolipid protein although a significant percentage of high molecular
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ages, was fractionated on a CsCl gradient (see Fig, 2), Protein in
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Fig. 9. Polyacrylamide gel electrophoresis of myelin and "lower
layer" fractions prepared from the brains of mice of various ages.
Gels (1-5) are upper layer (myelin): (1), (300 days) ; (2), 30 days;
(3), 11 days ; (4), 9 days ; (5), 42 day-old Quaking mice, Gels 6-

9 lower layer (myelin-like) : (6), 300 days ; (7), 30 days ; (8),11
days ; (9), 9 days. (10) is the pellet fraction from 42 day-old
Quaking mice,

weight proteins are also present. There is a gradient of protein
distribution with age, the younger the animal the less proteolipid
and basic protein is present relative to the high molecular weight
protein. Densitometry indicates that the younger animals, and adult
Quaking mice, have half as much basic protein, and even less proteo-
lipid protein, than do normal adult mice. The "lower layer" fraction
has only small amounts of basic and proteolipid protein (possibly
accounted for by the material identifiable as myelin in Fig. 3).
Agrawal et al, (1) have also observed that the protein composition
of their "myelin like" fraction and of mature myelin is similar, ex-
cept for the absence of basic protein in the "myelin-like" material.
Proteolipid protein was not clearly resolved under their electro-
phoretic conditions. The pellet fraction from Quaking mice has only
trace amounts of basic and proteolipid protein.

Although the disorder in Quaking can clearly be broadly cha-
racterized as an arrest in formation of myelin ("hypomyelinogenesis")
we have no information as to what the genetic lesion might be, It
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might possibly be a lesion involved in synthesis of a myelin speci-
fic lipid, e.g. chain elongation to form long chain fatty acids, or
galactosylation of ceramide to form cerebroside, Our data, demon-
strating an analogy between the myelin protein of Quaking mouse and
of immature controls, opens the possibility that the lesion might
directly effect synthesis of one of the myelin proteins. A more in-
teresting interpretation of the data is that it indicates a coordi-
nate control mechanism governing myelinogenesis, since both lipid
and protein components of myelin are affected by what we assume to
be a single genetic lesion, If this is the case then the direct ef-
fect of the Quaking gene need not be at the level of synthesis of a
structural element of myelin or even involve oligodendroglial cells;
e.g. the initial expression of the lesion might be at the level of
recognition between neuronal axons and oligodendroglial cells,

It is possible to relate our observations concerning 'lower
layer" material to the hypomyelinogenesis in Quaking mice. A simple
interpretation is dependent on a hypothesis, suggested initially by
Agrawal et al. (1), that the '"myelin like" or "lower layer" material
is involved in myelinogenesis, either as a precursor or as a frame-
work for assembly of mature myelin. The only direct evidence to sup-
port this hypothesis is the similarity of protein composition de-
tailed above. The ultrastructural characterization of lower layer
material as a membranous fraction is compatible with this suggestion
but offers no independent support, Since the "lower layer' material
does not accumulate in Quaking mice we propose that the genetic le-
sion is expressed at the time when the myelin like material is being
formed, presumably as a result of modification of oligodendroglial
cell membrane, and not at the stage of final assembly of mature mye-
lin, In a final flight of speculation, it is possible that the pel-
let fraction accumulating in Quaking mice is precursor to the "lower
layer" or "myelin like'" material,
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MYELIN ENZYMES AND PROTEIN METABOLISM

Neville MARKS

New York State Institute for Neurochemistry and Drug
Addiction- Ward's Island, New York 10035 (USA)

Turnover of myelin has attracted interest in relation to
clinical and experimental diseases involving demyelination (7,11).
In adult rats, myelin represents about 12 % of total fresh weight,
of which some 25 % is protein (14) and earlier concepts for its
relative inertness are difficult to reconcile with the known half-
life of under 20 days for 90 % of brain proteins (11).Turnover en-
compasses both synthesis and breakdown, linked together in a manner
to preserve the function and integrity of tissues, Breakdown,like
synthesis, 1is an orderly process involving a large number of hy-
drolases (proteinase and peptide hydrolases) acting in a sequential
manner for the production of amino acids and peptides (Fig. 1).
Earlier studies from this laboratory have shown the presence of
proteinases in crude fractions containing myelin (7, 10) but there
has been some question concerning the degree of contamination by
enzymes from other particulates, All studies on turnover in myelin
must consider 1) the purity and structural nature of isolated ma-
terial, 2) the relative metabolism of different layers of the mye-
lin sheath, 3) the role of the cytoplasmic inclusions or other dis-
continuities within the myelin sheath, 4) in studies on incorpora-
tion, questions related to penetrability of the precursor, 5) the
role of Schwann or satellite cells, and 6) the age of the animal,

In this study, protein metabolism (breakdown and synthesis)
in crude myelin fractions (M) was compared to material that was
water shocked to remove cytoplasmic contamination (Mp), and with
the purified membranes (M3). Adult male rat (35-40 days) or pig
brain was homogenized in 10 volumes{w/v) of 0,32 M sucrose and cen-
trifuged to yield the crude mitochondrial fractions (P2) which con-
tain synaptosomes and myelin, by methods previously described (9).
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PROTEINS ¢———— TRANSPORT TO SITES OF,
DEGRADATION

STORAGE SITES 4~—————————>LYSOSOMES @— CYTOPLASM

LIPOFUSCIN PROTEINASES .,
N.TERMINAL PEPTIDE HYDROLASES

CLIGOPEPTIDES

N-TERMINAL
PEPTIDE HYDROLASES

TRIPEPTIDE DIPEPTIDE

————AMINOTRIPEPTIDASE =  A,-===--- DIPEPTIDASE
NEUROTRANSMITTERS

ENERGY = AMINO ACID POOL———————> REUTILIZATION ——> SITES OF

‘//’///,,f”" PROTEIN SYNTHESIS
TRANSPORT

Fig. 1. Postulated scheme for protein turnover, Although some me-
chanisms of synthesis are known, knowledge of breakdown processes
and the sequence of reactions for degradation of protein are un-
known, The above scheme is based on the peptide specificities of
purified brain enzymes (11),

Crude myelin (M]) was separated from other particulates by centri-
fugation of the P2 fraction on a continuous sucrose gradient, 0.8-
1.4 M, using a Spinco SW 25 rotor (24,000 rev,/min for 1 h) (9).
Following centrifugation, the material in each tube was divided
into 17 fractions : fractions 13-15 (interface 0.32 - 0,8 M) re-
present enriched myelin, and the pellet sedimented at 1.4 M sucrose
represents purified (heavy) mitochondria. The myelin-rich fractions
were pooled, centrifuged at 50,000 g for 1 h, and then treated with
20 volumes of cold-distilled water for 1 h at 0° and recentrifuged
to yield the water-treated pellet M. This material was purified
further by suspension in 5 ml of 0.3 ml CsCl and then placed over

a discontinuous gradient of CsCl consisting of 5 ml quantities of
0.5, 0,7, 0,9 and 1.1 M CsCl in a 1 x 3 inch cellulose tube, and
centrifuged in a Spinco SW 25 rotor at 24,000 rev,/min for 1 h, The
location of fractions M3 (purified membranes) and My (fragmented
membranes and vesicle-like structures) is illustrated in Fig.2., It
is possible that the M4 fraction has some similarities to the '"pre-
myelin" material first described by Davison and his group (1).
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Fig. 2. Method for the purification of the water washed pellet (MZ)
to yield the CsCl fractions M3 and M,. Electronmicrographs fixed
with 0s0,. Note the appearance of fragmented membranes and vesicles
in the lower fraction.

Myelin (M3) was fragmented into its protein and proteolipid moie-
ties by the Triton X-100 : acetate procedure of Eng et al. (5). As
noted by Norton in his review (14) there is a notable lack of in-
formation on the nature of most myelin proteins and the manner they
are complexed with lipids (i.e., proteolipids). The Eng procedure
with slight modifications (5) can yield fractions consistent with
the Wolfgram, Folch-Lees, and basic protein components. Disc-gel
electrophoresis in phenol-urea solvents revealed some cross con-—
tamination (3). Quantitative methods for isolation of proteolipids
have attracted considerable interest, as noted by others at this
symposium (12, 13). There are still many problems associated with
identification and separation, and other methods of promise must
be carefully evaluated for use in studying turnover.

In the present study, adult rats received intracisternal doses
of 14C—1ysine at 0.25 - 6 h prior to sacrifice. Comparison of
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incorporation into different crude mitochondrial sub-fractions
showed a surprisingly high incorporation into the myelin-rich re-
gions (Fig. 3). At first, this was attributed to contamination,since
crude fractions are known to contain entrapped particulates (2).
Despite the many washing and purification procedures, the My and Mj
fractions still displayed considerable radioactivity. Many early
studies on protein turnover failed to take into account the many
factors that affect measurement of half-life in single-pulse type
experiments (11). These include variables such as transport factors
(route of injection, and the extent to which the precursor pool is
labelled), metabolic conversion of the precursor, reutilization of
amino acids formed by breakdown etc. (7). To overcome some of these
difficulties, tj/2 was measured on the basis of the time taken to
replace 50 Z of the known lysine content of the different fractions
(directly determined after 6 N HCl hydrolysis on an autoanalyzer).
Actual lysine residues incorporated into proteins were conveniently
estimated by calculating the radioactivity representing 1 nmole in
the total pool of free lysine (known to be approximately 0.3 pmole
per g wet weight in rat cerebrum). Radioactivity in the pool it-
self at different pulse periods was measured in aliquots of the
perchloric acid-soluble fraction of whole rat brain homogenate plus
washings from the interior of the skull (Table I). Based on the
specific activity of the protein fractions (counts/min/mg protein)

TABLE I

Change in Specific Activity on the Free Pool with Time Following
Intracisternal Injection of !4C-Lysine

Min. Specific activity of free pool
a b
15 628 628
40 355 330
90 161 193
180 100 98
360 54 43

a, counts representing one nmole of lysine following injection of
1 uCi (based on concentration in the pool of free amino acids of
0.3 ymole/g fresh weight). b, values based on the change between
consecutive time points.
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the number of umoles 14C-1ysine incorporated was calculated and ex-
pressed as a rate (r) (per cent conversion per hour of the known
lysine content of protein). An expression for t}/s can be derived
from : r = 100 (1 - §)/t where § is the fraction converted, i.e.,
Ct = Co (1 - §) where Co is the initial concentration (100) and Ct
that at time t. In the special case of 50 % conversion (Co = 50),
ty1/2 = £ 2 yhere k is the rate constant. For very low rates of con-
version K (§ K D,n(1-8) = =Kt Q -8. Substitution in these ex-
grgssions in the equation for first order yields t/p = 212 or
T

(days). 24t

Results gave evidence of both short and long-lived proteins.
The highest incorporation was observed in the basic proteins (frac-
tion III) with t;/9 of 14-21 days, followed by the Folch-Lees ma-
terial 12-14, and the insoluble material (fraction I) 28-32 days
(Table 2). Incorporation at very short pulse periods up to 40 min

TABLE II

Half-Lives (tl/z) of Myelin Proteins of Rat Brain Following
Intracisternal Injection of l4C-Lysine

Pulse period Myelin
(min) %Z Incorporation ty/2 (days)
Fraction I
40 0.10 29
90 0.12 24
180 0.11 26
360 0.10 28
Fraction II
40 0.30 10
90 0.11 26
180 0.10 29
360 0.12 24
Fraction III
40 0.25 12
90 0.27 11
180 0.16 18
360 0.14 21

Per cent incorporation and the half-lives (ty/9) were calculated

from the simplified equation for first order kinetics. Fellowing

intracisternal injection of 14C-lysine (1 uCi) to rats, the spe-

cific activity of the precursor pool was determined (Table 1) and
from this data nmole lysine between consecutive time points cal-

culated and expressed as per cent incorporation of proteins with

known lysine composition/hour.



269

MYELIN ENZYMES AND PROTEIN METABOLISM

*sjuatpea8 [9sp) uo uorledIyTand I933E
uoTloBIJ duBIqUAW UTTdAw 9yl £ pue UOTIOBIJ POYSeM I93em 9yl ( ‘ullodw 9pnid sjussaadea Iy

*£3270991 juddaad Q7 ® Y3IIM

osejeydsoyd oy3 pue osepridodoutwe Jo 9seO Byl UT UOTIBOIIFTAnd YITM AITATIOBR OTJTJ9ds UT 9SBIID
-ut 9y3j 930N ‘anoy urajoad 3, aow™ se passaadxe A3TATIOER 0T3Toadg ‘TR UT IBY] UO paseq LI2A0D
-21 98rjusoaad 9yl sonjea Idyjo pue inoy/iy3tem Jom 3/ s1oull sjusssadsa sossyjusied ur %uw>ﬂuo<+

82 0z z€ 0z 0 0 26 L K

(44 0z KL 186 92 €y oY 61 (4’

81 (8°€) 12 (€°%) 8z (9°0) €6 +(6°1)  w utredn
g “10v . “10v g - g 1oy
asejeydsoyd A19-L19-na 9seurojoad oseutrajoad

dv-,€°,¢ asepridadourtuy TeineN PIdY

§UOT]0®BI] UTT4 uTeig 1BY JO UOTIIBOITIFTING YIIM SOSBTOIPAH UT UOTIBISITY

III A19VL



270 N. MARKS
TABLE IV

Arylamidases in Purified Fractions of Myelin

Monoacyl- Dipeptidyl-
Arg-gNA Arg-Arg- Lys-Ala-BNA
Act., S.A. Act. S.A. Act. S.A.
M, (ant 53 3.9T 16 1.8 5
Mp 12 14 12 4 26 5
M 5 20 4 5 5 4

+Activity in parentheses represents umole/g wet weight/hour and
other values the percentage recovery based on that of M;. Specific
activity expressed as umole/g protein/hour. Note fall in specific
activity and recovery with purification. See Fig. 3 for identifi-
cation of fractions.

was slower than the comparable mitochondrial fractions (2, 9), pro-
bably as a result of the penetration of these structures by label.
Short pulse periods were used to reduce the corrections required
for reutilization of amino acids formed by breakdown of labelled
proteins. Lysine was selected as precursor since it is subject to
less conversion, is present in low concentration in the free pools,
and is present in relatively high concentration in basic proteins.

Breakdown, the other component of turnover, was evaluated by
measurement of proteinases and peptidases by the methods previously
published (7, 8). Proteinase activity was measured in the absence
(endogenous) and presence of substrate (denatured hemoglobin) at
acid (3.2) and physiological (7.6) pH : N-terminal peptidases
were measured with the following substrates : Leu—-Gly-Gly, monoacyl,
and dipeptidyl arylamides. These hydrolases were compared to the
known myelin marker, ribonucleoside 2',3'-cyclic phosphate esterase,
measured by the method of Olafson et al. (15). Purification of crude
myelin was accompanied by a loss of most hydrolases studied except
the aminopeptidase (Leu-Gly-Gly) and the cyclic phosphatase
(Table 3). Removal of cytoplasmic contamination led to a 57 percent
reduction of neutral proteinase, and a large fall in acid protein-
ase (Table 3). Further purification on sucrose and CsCl gradients
led to a total loss of neutral proteinase and only trace activities
of acid proteinase. In the case of arylamide substrates, 80 percent
or more of the activity was lost on water treatment (Mp) and 95 per-
cent or more after purification on CsCl (Table 4). Cs* up to 1 M
was itself without effect in all assay procedures.
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Conclusions

Present findings together with those of other groups (11, 18 -
21) challenge the established view that myelin is metabolically
inert with respect to its protein or proteolipid components. Dis-
crepancies between findings for turnover can arise from inadequate
recognition of the many factors affecting their measurement (as
already noted). Age is an important factor since the slow deposition
of myelin can continue well beyond the normal period of active
growth. Sammeck and Brady (18) have demonstrated considerable incor-
poration into myelin basic proteins, and Wood and King (21) have
shown half-lives for the same components in young and old rats of
21 days ; M. Smith and co-workers (19) have observed half-lives for
proteolipids in vitro and recently in vivo (20) of under 40 days.
Studies on protein turnover in brain at all ages indicate a diversity
of half-lives with an average of about 15-20 days, although minor
components show a range extending from hours to several weeks. In no
case does the percentage of "stable" components account for the re-
latively large amounts of myelin present in the adult nervous system.
Largely from such considerations it seems unlikely that myelin is
inert, although its turnover may become progressively slower with
age. It might be of some interest to carefully compare turnover in
adults of different ages, particularly that of young adults with
that of senile animals. In many ways the concept of myelin "inert-
ness'" is an attractive hypothesis since it could account for some
aspects of nerve function (efficiency of nerve conduction, homeo-
static mechanisms, etc.). Pathological changes, as is well known,
lead to severe malfunction of the nervous system.

The elimination of proteinases and arylamidases with purifi-
cation suggests that these enzymes are not true components of the
membrane fractions represented by M3. Activity in crude fractions
is more difficult to interpret. Even in the water-washed fractions
(M2) ,activity of most hydrolases was 40-50 percent of that in the
crude M] material. Such data might indicate the presence of hydro-
lases in soluble or other structures easily removed in purification
on sucrose or CsCl gradients. The sheath is known to contain cyto-
plasmic inclusions (Schmitt-Lantermann clefts) and these could ac-
count for breakdown observed in the sheath during pathological con-—
ditions. We have postulated that release of acid proteinases could
lead to the degradation of basic proteins with formation of ence-
phalitogenic peptides (4,6,7). The source of proteinase and mecha-
nisms by which it releases peptides from myelin are unknown. Studies
with purified acid proteinase and purified basic protein show rapid
breakdown. The nature of the susceptible bonds of basic protein of
myelin is consistent with the known specificity of purified acid
proteinase of brain (7). The present results are at variance with
those of Riekkinen and Clausen (16,17) in that they observed consi-
derable neutral proteinase even after extensive purification of
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myelin on a series of sucrose gradients. Assay of neutral proteinase
is subject to considerable difficulties, and some even have challen-
ged its existence in tissues (see ref. 11). Activities reported by
Riekkinen and Clausen were of low order, since up to 24 hours incuba-
tion was required to detect activities.

The heterogeneous rates of turnover of the various components
of the myelin sheath pose some intriguing questions about the me-
chanisms involved, and point out the possible alterations this struc-
ture may undergo. Highly purified myelin lamellae, themselves, clear-
ly do not contain the appropriate machinery for turnover, implying
that other components of the sheath or adjacent structures supply
the essential factors for synthesis and breakdown. Various struc-—
tures within the myelin sheath could act as reservoirs for cytoplas-
mic factors necessary for synthesis ; these include the Schmitt-
Lantermann clefts in the CNS, and nodes of Renvier in the PNS. Pe-
netration of precursors between layers of the sheath is a distinct
possibility based on recent findings. As in the case of other mem-
branes, the integrity of structure is dependent on the integration
of the mechanisms controlling turnover of both lipid and protein
moieties. Alteration in these processes could account for the etio-
logy of many diseases of clinical importance.

REFERENCES

1  AGRAWAL, H.D., BANIK, N.L., BONE, A.H., DAVISON, A.N., MITCHELL,
R.F.and SPOHN, M., Biochem. J., 120 (1970) 635.

2  D'MONTE, B., MARKS, N., DATTA, R.K. and LAJTHA, A., in Symposium
on Protein Metabolism in the Nervous System, Plenum Press, New
York, 1970, p.185.

3 D'MONTE, B., MELA, P. and MARKS, N., Europ. J. Biochem., 23
(1971) 355.

4 EINSTEIN, E.R., CSEJTEY, J. and MARKS, N., FEBS Letters, 1 (1968)
191.

5 ENG, L.F., CHAO, P.C., GERSTL, B., PRATT, D. and TAVASTSTJEMA,
M.G., Biochemistry, 7 (1968) 4455.

6 LAJTHA, A. and MARKS, N., in Dynamics of Protein Metabolism in
the Nervous System (Ed. BOGOCH,S.) Plenum Press, New York,1969,
p.181.

7 LAJTHA, A. and MARKS, N., in Handbook for Neurochemistry (Ed.
LAJTHA, A.) Plenum Press, 5B, New York, 1971, p.55l.

8 MARKS, N., Int. Rev. Neurobiol., 11 (1968) 57.

9 MARKS, N., D'MONTE, B., BELLMAN, C. and LAJTHA, A., Brain Res.,
18 (1970) 309.

10 MARKS, N. and LAJTHA, A., Biochem. J., 89 (1963) 438.

11 MARKS, N. and LAJTHA, A., in Handbook for Neurochemistry (Ed.,
A. LAJTHA) Plenum Press, 5A, New York, 1971, p.49.

12 MEHL, E.



MYELIN ENZYMES AND PROTEIN METABOLISM 273
13 MORELL, P,

14 NORTON, W,T., in Cellular and Molecular Basis of Neurology (Ed.
GOLDSTEIN, E, and APPEL, S.) Lee and Febiger, Philadelphia, in
press.

15 OLAFSON, R,W,, DRUMMOND, G.I, and LEE, J.F., Canad, J. Biochem,,
47 (1969) 961,

16 RIEKKINEN, P,J. and CLAUSEN, J., Brain Res.,, 15 (1969) 413,

17 RIEKKINEN, P.J, and CLAUSEN, J., Brain Res., 19 (1970) 213,

18 SAMMECK, R. and BRADY, R.O., in Proc, Intern. Soc. Neurochem,,
Akademiai Kiado,Budapest, 1971, p.78.- Brain Res.,34 (1971) 241.

19 SMITH, M.E. and HASINOFF, C.M,, J. Neurochem,, 18 (1971) 739,

20 SMITH, M,E, and RAWLINS, F.A., in Proc, Intern., Soc, Neurochem,,
Akademiai Kiado,Budapest,1971, p.77.

21 WoOD, J.G. and KING, N., Nature, 229 (1971) 56,



CONCLUDING REMARKS

A.N. DAVISON

Department of Neurochemistry, Institute of Neurology
Queen Square, London WC IN 3BG (England)

In concluding this symposium I should pick out a few interes-—
ting points which have taken my attention. I think the report by
Dr. Folch of bound fatty acids attached covalently to the proteo-
lipid apoprotein is a most important observation. This gives us an
important clue to the special physico-chemical properties of the
proteolipids and we shall be hearing a lot more about the chemistry
of these unique proteins.

A number of papers have raised the question of the purity and
identity of myelin. Is the preparation obtained by repeated washing
of isolated myelin the true myelin complex, or is it simply the mem—
brane denuded of all water extractable material? Of interest here
is the report by Dr. Mehl that the Wolfgram protein is a contaminant
and not an integral myelin component. The same problem appears in
assessing the nature of the myelin in the inborn errors - Jimpy and
Quaking mice described by Dr. Morrell and Professor Mandel. A ques-
tion naturally interesting myself is whether or not, as has been
suggested, this material is similar to the myelin-like fraction iso-
lated from developing brain (1, 2).

Further work should clarify this question and establish if the
premyelin fraction is glial plasma menbrane of if it is smooth endo-
plasmic reticulum - we may expect to see considerable advance in
this field with the availability of methods of separation of glial
cells and their plasma membrane.

Another question discussed by Dr. Marks is that of turnover of
myelin proteins. It is necessary for much more research to be concen-
trated in this area to establish if any of the proteins serve as a
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permanent skeleton for the more labile myelin constituents.

Finally establishment of the nature and biological activity of
the basic encephalitogenic protein has been a fascinating story to
which a number of groups made important contributions (Kies,
Einstein, Carnegie, Lumsden, Kibler, etc.) and the latest work on
the primary structure was ably summarized by Dr. Eylar. Dr. Kies
told us about the distribution of myelin basic proteins in different
species - another line of work contributing to our understanding of
the biological action of their proteins. Research on the encephalito-
genic protein has reached an exciting phase and considerable advance
in this field can be expected in the next few years particularly
if the work can be applied to clinical problems.
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Acid proteinase, 269, 270
Acrylamide gel electrophoresis, 5, 9-10, 57, 61, 73-74, 76, 119,
157-169, 196, 197, 202-209, 216, 242-243, 255-259
Affinity chromatography, 31-37
Alkali-labile residues, 63, 11!
Alkaline phosphatase, 119
Amino acid composition :
basic myelin proteins, 174, 210, 211
brain glycoprotein 10B1, 42
brain glycoprotein 10B11, 42
chromomembrin A, 75
chromomembrin B, 75
dopamine-B-hydroxylase (soluble), 76
microtubule protein, 55, 58, 59
proteolipid protein, 174, 175, 179
Wolfgram proteins, 174
Amino acid sequence :
of basic Al protein, 219
of 2.5 S NGF, 101-103
Aminopeptidase, 269, 270
Analytical ultracentrifugation , 187-190
Antibodies, 5, 9, 21-37, 39, 47-49
Antigen o, 39, 42
Arginine esteropeptidase, 93
Arylamidase, 270
Ascites tumor plasma membranes, 141
Asparaginase, 124
Astrocytoma, 118
ATPase, magnesium—dependent, 72, 75
ATPase, sodium potassium-stimulated, 136, 139
Axonal flow, 56, 123
Axonal fragments, 118, 124
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Basic myelin proteins :
amino acid composition, 174, 210, 211
encephalitogenic peptides, 209-213
experimental allergic encephalomyelitis, 172, 201, 202, 209
molecular weights, 205
polymerization with N-ethyl-N' (3-dimethyl aminopropyl carbo-
diimide), 164
purification, 161, 200-201
regional differences, 161
species differences, 181, 202-205
in Quaking mutant mice, 244, 256-259
in peripheral myelin, 162, 163
Basic myelin protein Al :
amino acid sequence, 219
chemical properties, 217
delayed hypersensibility, 223
encephalitogenic peptides, 229, 233-236
glycosylation of, 226
methylated arginines, 211-215
molecular weights, 217, 218
peptides from, 218-220
proline-rich region, 225, 226
Brain glycoprotein 11A :
carbohydrate composition, 42, 46
effect of conditioning, 44
Brain glycoprotein 10Bl and 10B11 :
amino acid composition, 42
carbohydrate composition, 42, 46
cellular localization, 39, 44, 48
effect of conditioning, 39, 43-44
effect of diphenylhydantoin, 44-45
preparation, 40
relation to glycoprotein 11A, 39
subcellular localization, 39
tumor specificity, 48, 49
Brain-specific ap—-glycoprotein :
cellular localization, 24-31
development, 25-28
preparation, 31-37
species specificity, 24, 25
subcellular localization, 23
Brain-specific proteins, see :
brain glycoprotein 10B1 and 10B11l
brain glycoprotein 11A
brain-specific a2-glycoprotein
S-100
14-3-2
Brij 35, 62
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Carbohydrate composition :
brain glycoprotein 10B1, 42, 46
brain glycoprotein 10B11, 42, 46
brain glycoprotein 11A, 42, 46
dialyzable glycopeptides, 117
non-dialyzable glycopeptides, 113
soluble glycoproteins, 120
synaptosomal plasma membrane glycopeptides, 142-144
synaptosomal plasma membrane glycoproteins, 141
Catecholamines, 3, 65, 69, 72, 85
Cerebrosides, 138, 244-247, 251
Cetylpyridinium chloride, 75, 76, 110, 142
Chromaffin granules, 69, 70, 72
Chromaffin granule membranes, 71, 72, 74, 75
Chromogranin A, 72, 74, 77
Chromomembrin A :
amino acid composition, 75
identity with dopamine-R-hydroxylase, 73, 75
preparation, 73, 75
presence in chromaffin membranes, 72
Chromomembrin B
amino acid composition, 75
electrophoresis, 73, 74
immunological relation to chromogranin A, 77
in posterior hypophysis, 79
preparation, 73, 75
subcellular distribution, 78
susceptibility to proteases, 79
Colchicine, 55, 65
Colchicine-binding protein :
insoluble form, 58, 61-64
in nerve endings, 58, 61
see also microtubule protein
Complement fixatiom, 5, 48, 78, 86-89
Concanavalin A, 92
Covalently-bound fatty acids, 177, 185, 187, 193, 194
Column electrophoresis, 111-113, 115, 118, 119
Cyclic AMP, 56, 92
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2',3'-cyclic AMP 3'-phosphohydrolase, 4, 138, 244, 248, 269, 270

Cytochalasin, 65
Cytochrome b-559, 72, 75
Cytochrome c¢ oxidase, 138

Delayed hypersensibility, 223
Dialyzable glycopeptides
carbohydrate composition, 110, 117
fractionation, 116
in pathological conditions, 127
presence of galactosamine, 117
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presence of glucose, 116

sulphate groups, 117
Digitonin, 62
Dopamine-B-hydroxylase, particulate, see chromomembrin A
Dopamine-B-hydroxylase, soluble, 65, 69, 75, 76, 85
Dopa-decarboxylase, 85
Disulphide bonds, 62, 103

Emulsion-centrifugation, 176, 178

Encephalitogenic peptides, 211, 229, 233-236

Epidermal growth factor, 92

Erythrocytes, 80, 140

Experimental allergic encephalomyelitis, 172, 201, 202, 209

Fatty acids, 177, 185, 187, 193-194
Fetuin, 115
Fucosidosis, 128

Galactolipids, 3
Galactosemia, 127
B-Galactosidase, 128, 138
Galactosyl transferases, 123, 152
Ganglioside, 110, 118, 122, 136, 139
Gel filtration, 75-77, 110-111, 113-117, 119, 142-146, 150. 151, 157,
166-169, 177, 181, 202, 207
Glial membrane, 118, 124, 138
Glioblastoma, 42, 44-50, 118
Glucose, 116
Glycopeptides, see :
dialyzable glycopeptides
non-dialyzable glycopeptides
synaptosomal plasma membrane glycopeptides
Glycosaminoglycans, 110-111
Glycoproteins :
axonal flow, 123
during development, 118-119
functions, 124-126, 135
of synaptosomal plasma membrane, 140, 141
regional distribution, 118
role of, 4, 40, 50, 124, 135
solubility in tritomn, 121, 148
gsoluble, 119- 121
subcellular distribution, 118, 139
synthesis, 122-124
see also :
alkaline phosphatase
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brain glycoprotein 11A
brain glycoprotein 10B1 and 10B1l
brain-specific ap-glycoprotein
microtubule protein
Glycosidases, 22
B-Glycosidase, 138
Golgi apparatus, 123, 124, 125
Guanine nucleotides, 56

Haemoglobin, 17
Half-life :
of non-dialyzable glycopeptides, 122
of myelin proteins, 268
of microtubule protein, 56
Hexosaminodase A, 126, 127
Hydroxylapatite, 122

Immunodiffusion, 9, 21, 24-27, 30-31, 33-37
Immunoelectrophoresis, 22, 28, 30, 32-37
Immunofluorescence, 47, 77-79
Immunological localization :
NGF, 85, 89
S$-100, 6
14-3-2, 6
chromomembrin B, 78, 79
Insulin, 92
Ion exchange chromatography, 5, 14-17, 23, 31, 41, 94-96,
148, 177,178, 181, 205, 217

Japanese encephalitis virus, 126
Jimpy mutant mice, 244
proteolipids in, 242
2'3'-cyclic AMP 3'-phosphohydrolase, 244
enzymes in, 244-261
long-chain fatty acids in, 248

Keratan sulphate, 115
Keratosulphate, 115

Lactate dehydrogenase, 138
Late infantile amaurotic idiocy, 127
Learning :

changes in glycoprotein 10B,43, 44

101,
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changes in gangliosides, 126

changes in glycopeptides, 125, 126

Liver plasma membranes, 141, 148
Lymphosarcoma, 127
Lysosomes, 118, 124, 138

ap-Macroglobulin, 115
Mannosamine, 117
a-Mannosidase, 126, 128
Mannosidosis, 128
Membranes, see :

axonal fragments

chromaffin granule membranes

glial membranes

myelin

synaptic vesicles

synaptosomal plasma membranes
Metachromatic leukodystrophy, 129
Methylated arginines, 221-225
Mitochondria, 56, 118, 138
Microtubule protein :

amino acid composition, 55, 58, 59
carbohydrate composition, 56-57

colchicine binding, 55
function, 56

guanine nucleotide-binding, 56

half-life, 56

molecular weight, 55
phosphorylation, 56-57
sedimentation velocity, 55
subunit structure, 55
vinblastine precipitation, 121

see also colchicine-binding protein

Molecular weight
A-P-1, 6
S-100, 6
TC-1, 6
14-3-2, 6
14-3-3, 6
15-4-2, 6
basic myelin proteins, 205
basic myelin protein Al, 217
dialyzable glycopeptides, 117
epidermal growth factor, 92
microtubule protein, 55
2.5 S NGF, 100-104
neurofilament protein, 65

non-dialyzable glycopeptides, 114

SUBJECT INDEX
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proteolipid protein, 157, 163, 196-197
tyrosine amino transferase, 4
Monoamine oxidase, 85, 138
Myelin :
electron microscopy, 252-256
fractionation, 159
in myelin deficient mutants, 253-255
peripheral nerve, 161-163, 169, 172
protein dimers, 164
proteins of, see :
basic myelin proteins
basic myelin protein Al
2'3'-cyclic AMP 3'-phosphohydrolase
proteolipid protein
Wolfgram protein
synthesis, 241-249, 251-260
turnover, 263-272

Nerve-endings, see synaptosomes
Nerve growth factor :
effect on dopa decarboxylase, 85
effect on monoamine oxidase, 85
effect on protein and RNA synthesis, 91
localization, 85, 88
stimulation of dopamine-B-hydroxylase, 85, 92
stimulation of tyrosine hydroxylase, 85, 92
subunit structure, 91-93
see also :
o- NGF
B= NGF
Y- NGF
2.5 S NGF
Neuraminidase, 22-23
Neurofilament protein, 64-65
Neurokeratin, 171
Neurolipidosis, 127
Neutral proteinase, 269-270
a-NGF, 93, 94, 99
B-NGF :
amino acid composition, 95
biological properties, 94
conversion to isomers, 94
isolation, 94
molecular weight, 95
relation to 2.5 S NGF, 94, 95, 99
subunit structure, 95
tryptic peptides of, 95
Yy-NGF, 93, 94, 99
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2.5 S NGF :
amino acid sequence, 101-103
inter-chain bridges, 103
molecular weight, 100
octapeptide from, 95, 104
peptides from, 101-103
subunits, 95, 100-101

Non-dialyzable glycopeptides :
acid hydrolysis, 114, 115
alkali-labile residues, 111
carbohydrate composition, 110, 113
in development, 118
fractionation, 111-113
half-lives, 122
molecular weight, 114
in pathological conditions, 127
sulphate groups, 115

NP 40, 62

Octapeptide, 95, 104

Optical rotatory dispersion, 180, 191, 192
Orosomucoid, 115

Ouabain, 125

Ovalbumin, 149

Papain, 110
Peptide mapping, 1, 16-19, 55, 100-103, 218-228, 231
Peripheral nerve, 161, 172
Phosphoadenosine phosphosulphate : cerebroside sulphotransferase,247
Phosphorylation, 56-57
Premyelin, 248, 253-255, 260, 275
Preparative electrophoresis, 58-60
Proline-rich regions, 225, 226
Pronase, 79, 169
Protein 14-3-2, 4, 6
Proteolipid protein :
amino acid composition, 174, 175, 179
apoprotein, 176, 183-184
conformation, 180, 191, 192
distribution, 176
covalently-bound fatty acids, 177, 185, 187, 193-194
lipid complex, 184
molecular weight, 157, 163, 196, 197
in mutant mice, 242-244
preparation, 173
physical properties, 187-190
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receptor properties, 177
subunit structure, 163
Puromycin, 125
Pyridoxal phosphate, 3

Quaking mutant mice :
enzymes for myelin synthesis, 244-251
myelin from, 253-255
myelin proteins, 242-244, 255-259
2'3"-cyclic AMP 3'-phosphohydrolase, 244
long-chain fatty acids, 248

Receptors, 126, 177

Reissner's fiber, 126

Retinal rod outer segments, 126
Rhodopsin, 149

S-100 :
brain-specificity, 4, 9
calcium-binding, 4, 7, 10-12
cellular localization, 6
conformational changes, 7, 17, 18
immunology, 6, 9, 41
molecular weight, 6
multiple band electrophoretic patterns, 7, 9
peptide mapping, 16, 17
subcellular localization, 41, 138
subunit structure, 6
Sarkosyl, 62
sbs, 6, 57, 61, 62, 65, 73-75, 122, 140, 158-160, 163-165, 196, 217,
255
Serotonin receptor, 126
Sialic acid, 109, 110
Sodium deoxycholate, 62
Sodium dodecylsulphate, 62
SSLE, 127
Submaxillary gland, 126
Subacute sclerosing leukoencephalitis, 126, 127
Subunit structures :
S-100, 6, 17
NGF, 91-93
R-NGF, 95
2.5 S NGF, 95, 101
proteolipid protein, 163
tyrosine amino transferase, 4
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Sulphate groups, 115, 117
Sulphatides, 138, 247-248
Synaptic cleft, 136
Synaptic vesicles, 36, 57, 58, 140
Synaptosomal plasma membranes, 57, 58, 124, 136-148
Synaptosomal plasma membrane glycopeptides
carbohydrate composition, 144
complex glycopeptides, 144
fractionation, 146
simple glycopeptides, 144
preparation of, 142-144
from Triton-extracted glycoproteins, 148
Synaptosomes, 118, 123, 136

Tay-Sachs' disease, 39, 40, 126, 128, 129
Thiamine pyrophosphatase, 123
Thyroglobulin, 149

Triton X-100, 62, 73, 121, 148-151

Triton X-100-salt extraction, 172-173, 255
Trypsin, 62, 79, 101, 171, 174

Trypsin resistant protein residue, 171, 174
Tryptophan residues, 105

Tubulin, see microtubule protein

Tween, 62

Tyrosine aminotransferase, 3, &4

Tyrosine hydroxylase, 3, 85

UDP-galactose: ceramide galactosyl transferase, 246, 251
UDP-galactose: sphingosine galactosyl transferase, 246
UDP-glucose: ceramide glucosyl transferase, 244, 245

Vinblastin, 56, 58, 65, 121

Wolfgram protein :
amino acid composition, 174
extraction by Triton-salt, 157
detection by electrophoresis, 159, 275
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