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ABSTRACT Using a family of synthetic tetradecamer oli-
gonucleotides as a primer for cDNA synthesis and a second
family of tetradecamers as a hybridization probe, we have pre-
pared and isolated a cDNA clone of mouse myelin basic protein
(MBP). The clone, pNZ111, corresponds to the region of the
mRNA that codes for an amino acid sequence present in all
four major forms of MBP. The relative abundance of MBP
mRNA, estimated by dot blot hybridization, increased with
the age of the mouse to a maximum at 18 days, then decreased
to about one-fourth of that amount at later ages. Mouse MBP
mRNAs, selected by their ability to hybridize to the clone,
translate into the four forms of myelin basic protein. In RNA
blot analyses, pNZ111 hybridized to multiple species of mouse
mRNA. The predominant hybridization is to a broad band of
RNAs ranging in length from 2,350 to 2,100 bases. These
mRNA species are extremely long, considering that the largest
MBP could be encoded by approximately 600 bases. In addi-
tion to these, there are also minor bands that hybridize with
pNZ111, including a band of 4,100 bases and smaller ones of
1,900, 1,500, and 1,200 bases.

Myelin is a specialized membrane that ensheaths nerve cell
axons and facilitates the saltatory conduction of nerve
impulses (see ref. 1 for a general review). It is produced
by oligodendrocytes in the central nervous system and
Schwann cells in the peripheral nervous system in a tightly
orchestrated process presumably stimulated by neuronal-gli-
al signals (2-5). Large amounts of the membrane are pro-
duced relative to the size of the myelin-forming cell. The
process involves the synthesis of myelin-specific proteins
followed by their integration into the growing membrane.
During early myelinogenesis, membranes are formed that
are loosely whorled around the axon. As myelin maturation
proceeds, compaction of these membranes occurs to form
the tight multilamellar structure characteristic of myelin.
The myelin basic protein (MBP) constitutes about 33% of

the protein of the myelin sheath in the central nervous sys-
tem and 1-10% in the peripheral (6, 7). In most species, the
predominant form of the MBP has a molecular mass of 18.5
kilodaltons (kDa), and the primary sequence of this protein
is well conserved in animals as distantly related as the chick-
en, human, and rat (8-10). Two major forms of MBP pre-
dominate in rats and mice: one of these corresponds to the
single major protein found in other species (18.5 kDa) and
the other has a molecular mass of 14 kDa. In rats, the 14-kDa
MBP is identical in sequence to the 18.5-kDa MBP, except
for an internal deletion of residues 118-158 [numbered ac-
cording to Martenson (11)] near the carboxyl terminus of the
protein (10, 12). Two quantitatively minor forms of MBP
have been found in rats and mice-a 21.5-kDa protein that is

presumably identical to the 18.5-kDa MBP, except for the
inclusion of a 25-30 amino acid sequence in the NH2-termi-
nal half of the molecule and a 17-kDa MBP that bears the
same relationship to the 14-kDa MBP (13).

Myelination occurs postnatally in mouse brain beginning
8-10 days postpartum and continuing actively for 7-10 wk,
with the maximal rate of myelin deposition occurring at
about 18 days (4). Maximal synthesis of the 18.5-kDa and 14-
kDa MBPs occurs at 18 days in vivo and coincides closely
with the peak of myelin synthesis (14). During myelin matu-
ration in the mouse, the proportions of the four MBPs in the
membrane change (15-17) and this may be due to alterations
in the relative rates of synthesis of the four proteins with age.
With maturation, the proportion of the two minor MBPs
(i.e., the 21.5 kDa and 17 kDa in myelin falls relative to the
18.5-kDa proteins and the 14-kDa/18.5-kDa MBP ratio in-
creases dramatically. This latter change has been correlated
with the relative rate of synthesis of these two proteins in
vivo (14).

Recently, Carson et al. (18) have identified trace amounts
of larger forms of MBP that appear during the early stages of
myelination. Identification of these larger forms has depend-
ed on immunoreagents and the relationships of the amino
acid sequences to the major MBPs have, as yet, not been
determined.
We have recently initiated a study of the component mo-

lecular events that culminate in the formation of compact
myelin. The initial focus of this study is the interrelation-
ships of the four MBPs and the developmental program that
controls their synthesis and accumulation into myelin. In the
present communication, we report the isolation of a cDNA
clone of MBP mRNA by using synthesized families of tetra-
decamer oligodeoxyribonucleotides as primers for cDNA
synthesis and as probes to identify the desired clone. The
cDNA clone specifies a sequence found in the four predomi-
nant MBPs and has been used to analyze the complexity,
size, and cellular distribution of MBP mRNAs.

MATERIALS AND METHODS
Materials. The two families of tetradecamer oliogonucleo-

tides, MBP 82 and MBP 89, were obtained from P-L Bio-
chemicals. Restriction enzymes and polynucleotide kinase
were obtained from either Bethesda Research Laboratories
or New England BioLabs. The Klenow fragment of Esche-
richia coli DNA polymerase I was obtained from Boehringer
Mannheim. S1 nuclease was obtained from Miles. Avian
myeloblastosis virus reverse transcriptase was obtained
from Life Sciences (St. Petersburg, FL). Restriction endonu-
clease digestions were carried out under the conditions sug-
gested by the producer or by Davis et al. (19).
mRNA Preparation. Total RNA was prepared by directly

homogenizing either fresh or liquid nitrogen-frozen brain in a

Abbreviations: MBP, myelin basic protein; kDa, kilodalton(s).
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1:1 mixture of water-saturated phenol and 0.1 M Tris-HCl,
pH 9.0/1 mM EDTA/0.5% NaDodSO4 (20) for 20 sec with a
high-speed electric tissue homogenizer. After serial phenol
extractions, the RNA was ethanol precipitated and separat-
ed from contaminating DNA by sedimentation -through cesi-
um chloride. Polyadenylylated RNA was separated from to-
tal RNA by passage over columns of oligo(dT)-cellulose (P-L
Biochemicals) (21).

In some experiments, mRNA was isolated from a purified
polysomal fraction of mouse brain homogenate by using the
method previously described (22). This postnuclear polyso-
mal polyadenylylated RNA was used in all the hybridization
experiments.

Isolation and Screening of cDNA Clones. cDNA reverse
transcripts of polyadenylylated RNA from 15-day-old mouse
brain were prepared by using the family of tetradecamers,
MBP 89, as primers at primer/polyadenylylated RNA ratio
of 200 pmol/pg. The reaction conditions were essentially
those previously described by Sprague et al. (23) but with
the inclusion of 800 units of RNasin per ml to inhibit ribonu-
clease. Double-stranded cDNA was synthesized under the
same general conditions but without primer or RNA. Dou-
ble-stranded cDNA was trimmed with S1 nuclease and tailed
with oligo(dC) acid as described (24, 25). The dC-tailed
cDNA was hybridized to pBR322 that had been linearized
with endonuclease Pst I and tailed with deoxyguanosine resi-
dues (New England Nuclear). The hybridized mixture was
used to transform E. coli HB101 that had been made compe-
tent as described by Kushner (26). Transformed cells were
plated on LB medium containing 10 pug of tetracycline per
ml. Individual colonies were picked in-duplicate onto nitro-
cellulose filters supported on tetracycline-containing LB
agar and allowed to grow for 8 hr at 37°C. Nitrocellulose
filters were then transferred to LB agar containing chloram-
phenicol at 170 ,ug/ml and incubated overnight to amplify the
plasmids. Filters were prepared for hybridization as de-
scribed by Gergen et al. (27). The filters were incubated for
3-4 hr at 42°C, and the colony debris was carefully removed
before hybridization with 32P-labeled oligonucleotides at
37°C (28, 29). The conditions for hybridization and the re-
moval of unhybridized probe were as described by Wallace
et al. (28, 29).

Nucleotide Sequence Determination. Plasmid DNA ob-
tained from recombinant clones was digested with Pst I and
the 3' termini of both the plasmid and insert DNA strands
were labeled with cordycepin 5'-[32P]triphosphate by the
method of Tu and Cohen (30). Labeled DNAs were cut with
a second restriction endonuclease, and the uniquely labeled
fragments were separated by polyacrylamide gel electropho-
resis. The labeled fragments were recovered from the gel and
their sequences were determined by the method of Maxam
and Gilbert (31).
Hybrid Selection of MBP mRNA. Mouse brain polyadenyl-

ylated RNA was hybridized to linearized pNZ111 DNA im-
mobilized on nitrocellulose as described by Patterson and
Roberts (32). Unbound RNA was removed by washing the
nitrocellulose two times with 2x NaCl/Cit/2x NaCl/Cit = 3
M NaCl/0.3 M Na citrate) at 25°C and four times at 52°C
with 0.1x NaCl/Cit/2 mM EDTA. The hybridized RNA was
eluted from the nitrocellulose-bound pNZ111 by boiling for 2
min in 10 mM Tris.HCl/2 mM EDTA, pH 7.4, as described
by Patterson and Roberts (32) and translated in a reticulo-
cyte lysate system as described by Yu and Campagnoni (22).
Portions of the translation product were immunoprecipitated
with anti-MBP antibody (33). Both unfractionated and im-
munoprecipitated translation products were separated by
NaDodSO4/polyacrylamide gel electrophoresis (34). The ra-
diolabeled proteins were visualized by fluorography.

Hybridization of Immobilized mRNA (RNA Blot Analyses).
Five-microgram samples of polyadenylylated RNA were
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separated by electrophoresis in horizontal 1% agarose/3%
formaldehyde slab gels (35). After electrophoresis, the RNA
was transferred to a nylon membrane ('Zeta-Probe'; Bio-
Rad) by electrophoresis. The nucleic acids were fixed to the
membrane by drying at reduced pressure for 2 hr at 80'C.
The membranes were prehybridized for 4 hr and hybridized
overnight at 420C under the conditions suggested by Bio-
Rad. The pNZ111 clone' was cut and labeled with [a-32P]-
dNTPs by filling in the 3' recessed ends, and then purified on
a gel. Approximately 2 x 106 cpm of purified insert was used
to hybridize with each blot.
Dot hybridizations with polyadenylylated RNA were done

on nitrocellulose membranes as described by Thomas (36)
using 1 x 106 cpm of 32P-labeled NZ111. Serial 1:2 dilutions
were made of the samples starting with 1 Ag.

RESULTS
Preparation and Selection of the MBP cDNA Clone. Our

cloning strategy was an adaptation of one described by Agaar-
wal and colleagues (37) and took advantage of the known
amino acid sequences of MBPs from several species. Using
the MBP amino acid sequence as a guide, we synthesized
two families of tetradecamer oligonucleotides complemen-
tary to all possible-sequences in two specific regions of the
MBP mRNA. These regions, corresponding to amino acids
82-86 and 89-92 of MBP, had minimal degeneracy in the
amino acid code, thereby reducing the number of oligonucle-
otide sequences necessary to cover all possibilities to 8 and
16 sequences, respectively.

Initial efforts to obtain a MBP clone used only the MBP-82
oligonucleotide as a primer for cDNA synthesis and as a
probe to identify recombinant clones. The. sequences of 35
clones that hybridized with MBP-82 were determined, but
none of the sequences adjacent to the primer region corre-
sponded to those expected of authentic MBP cDNA. To
overcome this lackof specificity and to reduce the number of
false positives, we used two families of oligonucleotides, one
as the primer for cDNA synthesis and a second as a hybrid-
ization probe. As shown in Fig. 1, the primer and probe oli-
gonucleotides corresponded to adjacent regions of the MBP
mRNA, so that-even very small MBP cDNA clones would be
identified. Six hundred recombinant clones, prepared by us-
ing MBP-89 as a primer, were tested for their ability to hy-
bridize with 32P-labeled MBP-89 and 32P-labeled MBP-82
tetradecamer families. Two clones hybridized with both
probes. Dot hybridization ofDNA isolated from the two re-
combinants confirmed that they contained sequences hy-
bridizing to MBP-82 and MBP-89, although the A+T-rich
MBP 89 gave a weaker signal. Restriction endonuclease
analysis revealed that one of the clones had lost an expected
Pst I site and it was not further studied. The sequence of the
other clone, pNZ111, was determined and shown to consist
of 94 nucleotides coding for the region ofMBP spanning ami-
no acids 60-91, including the region analyzed by Burgess et
al. (38). The position of the sequence within the 18.5-kDa
MBP is diagrammed in Fig. 1. A sequence of one MBP-89
and one MBP-82 oligonucleotide is present in the clone, indi-
cating that MBP-89 did indeed act as a specific primer for
cDNA synthesis using MBP-specific mRNA as a template.
pNZ111 Hybrid Selects mRNAs Coding for Four Myelin Ba-

sic Proteins. MBP mRNAs were purified by hybrid selection
to pNZ111 denatured DNA that had been immobilized on
nitrocellulose. Extraneous mRNAs were removed by exten-
sive washing with 0.lx NaCl/Cit at 520C. Specifically bound
mRNAs were eluted and used to program a reticulocyte ly-
sate protein synthesis reaction. The results of two such ex-
periments are shown in Fig. 2. pNZ111 selected mRNAs
coding for all four myelin basic protein species. Note that the
principal products of synthesis in the total trichloroacetic
acid precipitate of the hybrid-selected mRNA-programmed
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FIG. 1. Schematic representation of the MBP amino acid sequence, the pNZ111 nucleotide sequence, and the probes and primers used to
prepare the clone. Stacked double letters in the primer and probe sequences denote alternative bases for those positions due to the degeperacy
in the amino acid code. The number of sequences present in MBP-82 was reduced by allowing for a possible G-T base pair in the third position
from the 5' end of the probe.
*Amino acid position numbers 62 and 63 have been deleted in keeping with the numbering system of Martenson (11).

incubations were the four MBPs. These were identified not
only by their comigration with 125I-labeled authentic MBP
but also by immunoprecipitation with affinity-purified anti-
bodIy. In addition to the four MBPs, two minor products that
crossreacted with anti-MBP were synthesized from pNZ111-
selected mRNA-one slightly larger than the 18.5-kDa MBP
and one smaller than the 17-kDa protein. It is not clear
whether these are degradation products of larger MBPs or
whether they are other minor forms of the MBP such as
those described by Greenfield et al. (39).

Developmental Expression of MBP mRNA. The concentra-
tion of MBP-specific mRNA was estimated during early
postnatal brain development when the peood of most active
myelination occurs in the mouse. Dot blot hybridization of
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IAw
_MP
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FIG. 2. In vitro translation of pNZ111-selected brain mRNAs. A
reticulocyte lysate system containing [3SS]methionine was pro-
grammed with either hybrid-selected or total brain mRNA. The
products were either directly fractionated by NaDodSO4 gel electro-
phoresis or immunoprecipitated and then electrophoresed. Lanes: A
and H, 1251-labeled MBP standards; B, unselected brain mRNA; C
and G, hybrid-selected mRNA; E, hybrid-selected immunoprecipi-
tated mRNA; D and F, products of a reticulocyte lysate system
without added mRNA were immunoprecipitated and then electro-
phoresed (lane D) or were directly electrophoresed (lane F).

brain polyadenylylated RNA with radiolabeled pNZ111 was
used to identify both functional and nonfunctional mRNA.
Equal amounts of brain mRNA extracted from postnuclear
supernatants of mire of different ages were applied to nitro-
cellulose in serial 1:2 dilutions. As shown in Fig. 3, the la-
beled recombinant DNA hybridized with mRNA from
mouse brain but not with that from mouse liver. The amount
of mRNA ppr ,ug of total mRNA that hybridizes with
pNZ111 increases steadily from 4 days after birth, when it is
first detected, to 18 days after birth. The total MBP mRNA
content decreases thereafter, but some MBP mRNA was still
present in 5-month-old mouse brain.

Multiple Species of MBP Specific RNAs. Recently, Yu and
Campagnoni (22) and Colman et al. (40) have presented evi-
dence indicating that the multiple forms ofMBP are indepen-
dently synthesized and 4re not related to one another by
post-translational modification and proteolysis. These re-

Mouse brain
mRNA A B C D
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15day *
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Liver mRNA

FIG. 3. Estimation of MBP mRNA by dot blot hybridization to
32P-labeled pNZ111. Serial 1:2 dilutions of polyadenylylated RNA
isolated from brain and liver of mice of different ages were spotted
onto nitrocellulose membranes and hybridized with 32P-pNZ111.
Lanes: A-D, 500, 250, 125, and 62.5 ng of RNA, respectively.
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sults predict multiple mRNA species for MBP. This possibil-
ity was investigated by electrophoretically fractionating
mouse brain polyadenylylated mRNA, transferring the
RNAs to membranes, and then hybridizing the membrane-
bound mRNA with 32P-labeled pNZ111. As shown in Fig. 4,
the most intense band of hybridization to 32P-labeled
pNZ111 corresponded to mRNAs of 2,100-2,350 nucleo-
tides. The width of this band strongly suggests that it con-
tains several species of mRNA. In addition, there are other
species of mRNA that hybridized to the probe. Their esti-
mated lengths are 4,100, 1,900, 1,500, and 1,200 bases. The
possibility that these RNAs are only distantly related to the
myelin basic protein sequence and do not form perfect du-
plexes with the probe was investigated by increasing the
stringency of the post-hybridization washes to 0.2x NaCl/
Cit at 65TC. The fact that the hybridization pattern remained
the same even at this high stringency (unpublished observa-
tions) strongly indicates that the mRNA species are closely
related to the sequence of the probe.
Guinea pig and chicken brain mRNA also hybridized with

pNZ111, as would be expected because MBP is a highly con-
served protein. In each case, several mRNA species, ranging
in size from 1,900 to 4,100 bases, were identified by hybrid-
ization. These results indicate that the multiplicity of MBP
mRNAs is widespread and not limited to those animal spe-
cies having four major MBPs because guinea pig possesses
only the 18.5-kDa and, possibly, the 21.5-kDa form(s) (12,
13).

DISCUSSION

A variety of cloning strategies with synthetic oligonucleo-
tides have been developed and have proven useful. Most fre-
quently these have involved direct use of a synthetic oligo-
nucleotide as a probe or for the preparation of a larger, more-
specific hybridization probe by primer extension on a
mRNA template. Both types of probes are then used to iden-
tify specific colonies from oligo(dT)-primed cDNA libraries.
We have taken a different tack to arrive at the specificity
necessary for the selection of a desired clone. One set of
oligomers was used as a primer for cDNA cloning and a sec-
ond set was used as a hybridization probe to identify the
colony. The desired colony was selected from those that hy-
bridized with both the primer oligomer and the probe oligo-
mer. The authenticity of the clone was ultimately shown by
determining its sequence. Our earlier attempts to use one
oligomer family as both primer and probe were unsuccessful
because of lack of specificity. In those experiments, only 35
out of 600 colonies were the result of specific priming on the
mRNA templates. Moreover, sequence analysis of the 35
showed that, although all contained the correct primer se-
quences, none were MBP cDNA. When the procedure was
modified to include two different oligomers, two out of 600
clones were obtained that specifically hybridized to both.
One of these, pNZ111, was shown to be a MBP cDNA.
These results support the idea that the use of multiple oligo-
mers greatly increases the ease and likelihood of obtaining
the desired cDNA clone (43, 44).
pNZ111 is a small DNA clone, containing 92 base pairs of

MBP-specific information. Its small size is likely attributed
to a number of factors. First, we have used two different
oligomers that correspond to regions of the MBP mRNA
separated by only 132 nucleotides. Thus, clones containing
small cDNAs, which are likely to be abundant, are identified
by our method. Second, specific precautions were not taken
to reduce secondary structure in the template RNA. Other
investigators have found that the ability of synthetic oligonu-
cleotides to act as primers for DNA synthesis varies greatly,
suggesting that RNA template secondary structure may af-
fect the length of the primer extended DNA (37, 43, 45, 46).
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FIG. 4. RNA blot analysis of polyadenylylated RNA hybridizing
to pNZ111. (Left) Polyadenylylated RNAs isolated from brains of
mice of various ages were fractionated by electrophoresis in formal-
dehyde/agarose gels. Samples were 5 jg of 14-day-old (lane B), 3 pg
of 18-day-old (lane C), 6.3 Ag of 24-day-old (lane D), and 9.4 pg of
33-day-old (lane E) mouse brain polyadenylylated RNA. 28S [14C]-
rRNA (5,000 bases) and 18S [14C]rRNA (1,950 bases) were used as
size standards. (Right) Comparison ofrRNA standards (ane A), and
5 pg of polyadpnylylated RNAs from 18-day-old mouse (lane B), 18-
day fetal chicken (lane B; ref. 41), and 56-day fetal guinea pig (lane
D; ref. 42).

The shortness of the cDNA in pNZ111 has not diminished
its usefulness in analyzing MBP mRNAs. pNZ111 was used
to detect developmental changes in MBP gene expression, as
shown in Fig. 3. MBP mRNAs coutld be detected in 4-day-
old mouse brain samples, and the amount of MBP-specific
mRNA increased 8-fold by 18 days of age. Thereafter, the
MBP mRNA content diminished but it was still detectable in
5-month-old brain mRNA. These results correlate well with
the finding that the maximal rate of MBP synthesis occurs at
18 days in vivo (14) and that the amount of functional (trans-
latable) MBP mRNA peaks at the same age (18). They are
also in accord with immunohistochemical studies of Stern-
berger et al. (47), showing that MBP is present in certain
regions of the central nervous system at birth. MBP accumu-
lates in the cytoplasm of cells in these regions until active
myelination begins between the 7th and the 12th day of life
(47). Myelin continues to accumulate at a slow rate through-
out the life of the animal (4, 5), suggesting that MBPmRNA
is present in the brain albeit at a diminished amount through-
out the life of the animal.
Hybrid selection with immobilized pNZ111 yielded

mRNAs that were translated in a reticulocyte lysate system
into the four predominant forms of MBP, 21.5, 18.5, 17, and
14 kDa (Fig. 3). The larger forms of MBP are believed to
differ from the 14-kDa form by the insertion of a 40-amino
acid sequence near the carboxyl terminus or a 25- to 35-ami-
no acid sequence near the amino terminus or both (13). How-
ever, although the sequences of the 18.5-kDa and the 14-kDa
MBP have been determined, the structures of the other two
can only be considered tentative. The origin of the multiplic-
ity of the MBP forms is still obscure. Experiments per-
formed in several laboratories argue against a precursor-
product relationship among the various MBPs (22, 40). Two
other possible explanations are obvious. The first is that
there may exist a MBP gene family-multiple genes, each of
which codes for a specific MBP, in analogy to the genes
specifying many abundant proteins (48). The second possi-
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bility is that a single gene with alternative modes of mRNA
splicing yields different mRNAs, each of which codes for a
specific form of MBP. Recently, the two a-crystallin pro-
teins of mouse lens have been shown to differ from one an-
other by the. insertion of a 22-amino acid sequence into the
smaller protein. Hybridization and sequence analyses indi-
cate that the two mRNAs, each coding for a specific a-crys-
talline, arose by alternative splicing of a single precursor
transcript. Similar results have been reported for IgM (49)
and more distant analogies exist in the adenovirus, polyoma
virus, and Simian virus 40 transcription systems (50).
mRNAs coding for all four MBP forms were hybrid select-

ed by pNZ111, indicating that the codon usages of the four
different MBP mRNAs are very similar. This is true despite
the fact that 14 out of the 31 amino acids have at least four
degenerate codons and that 6 have six degenerate codons
involving changes in two positions of the triplet codon. That
a variety of mRNAs were selected by hybridization to immo-
bilized pNZ111 is also indicated by the RNA blot analysis of
brain mRNA (Fig. 4), in which at least six forms of MBP
mRNA can be identified. The breadth of the most intensely
hybridizing RNA band suggests that the major 2,100- to
2,350-base-pair material may contain multiple species of
RNA. The fact that guinea pig and chicken brain MBP
mRNAs also contain multiple species that hybridized to
pNZ111 underscores the conclusion that the multiplicity of
MBP mRNAs is a common feature and not restricted to ani-
mal species possessing the four major MBPs. The sizes of
these messages are very large considering that the 21.5-kDa
MBP could be coded for by a sequence of about 600 nucleo-
tides. Thus, these RNAs may consist of a sizeable amount of
nontranslatable sequence. In addition to the broad band,
there is a mRNA of 4,100 nucleotides and some smaller mi-
nor bands, possibly degradation products, that hybridized
with pNZ111. A definitive correlation between the mRNA
species and the proteins encoded by them must await sys-
tematic testing of the separated mRNAs in a cell-free transla-
tion system.
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