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ABSTRACT The cerebellum contains a hexadecapeptide,
termed cerebellin, that is conserved in sequence from human to
chicken. Three independent, overlapping cDNA clones have
been isolated from a human cerebellum cDNA library that
encode the cerebellin sequence. The longest clone codes for a
protein of 193 amino acids that we term precerebellin. This
protein has a significant similarity (31.3% identity, 52.2%
similarity) to the globular (non-collagen-like) region of the B
chain of human complement component Clq. The region of
relatedness extends over =145 amino acids located in the
carboxyl terminus of both proteins. Unlike Clq B chain, no
collagen-like motifs are present in the amino-terminal regions
of precerebellin. The amino terminus of precerebellin contains
three possible N-linked glycosylation sites. Although hydro-
phobic amino acids are clustered at the amino terminus, they
do not conform to the classical signal-peptide motif, and no
other obvious membrane-spanning domains are predicted from
the cDNA sequence. The cDNA predicts that the cerebellin
peptide is flanked by Val-Arg and Glu-Pro residues. Therefore,
cerebellin is not liberated from precerebellin by the classical
dibasic amino acid proteolytic-cleavage mechanism seen in
many neuropeptide precursors. In Northern (RNA) blots,
precerebellin transcripts, with four distinct sizes (1.8, 2.3, 2.7,
and 3.0 kilobases), are abundant in cerebellum. These tran-
scripts are present at either very low or undetectable levels in
other brain areas and extraneural structures. A similar pattern
of cerebellin precursor transcripts are seen in rat, mouse, and
human cerebellum. Furthermore, a partial genomic fragment
from mouse shows the same bands in Northern blots as the
human cDNA clone. During rat development, precerebellin
transcripts mirror the level of cerebellin peptide. Low levels of
precerebellin mRNA are seen at birth. Levels increase modestly
from postpartum day 1 to 8, then increase more dramatically
between day 5 and 15, and eventually reach peak values
between day 21 and 56. Because cerebellin-like immunoreac-
tivity is associated with Purki'ije cell postsynaptic structures,
these data raise interesting possibilities concerning the function
of the cerebellin precursor in synaptic physiology.

A basic goal of developmental neurobiology is to identify the
cellular and molecular genetic mechanisms that regulate
assembly of the nervous system. The rodent cerebellum and,
in particular, cerebellar Purkinje cells represent a tractable
system with which to investigate biological processes and
genetic regulatory factors critical in neurogenesis (1-5). Pre-
vious studies have been aimed at identifying genes that show
specific or preferential expression in cerebellar Purkinje
neurons (6-11). Isolation and characterization of these genes
will provide an understanding ofthe transcriptional strategies
used in the central nervous system to generate and maintain
diversity (5).

The Purkinje neuron contains a hexadecapeptide, termed
cerebellin (6-8), that is enriched in the postsynaptic spine
(12). The peptide is developmentally regulated, and its levels
reflect synapse formation during the immediate postpartum
period and subsequent synapse loss during remodeling (7, 8,
12). Furthermore, perturbation of Purkinje cell synaptogen-
esis, as occurs in several murine mutants, such as staggerer
and weaver, diminishes cerebellin levels, suggesting a link
between cerebellin biosynthesis and synaptic activity (7, 13).
However, the function of cerebellin is unknown, and few
clues are provided by its structure other than a similarity to
a sequence encoded within the polyimmunoglobulin trans-
port protein (7).

Biochemical studies have identified several truncated pep-
tides derived from the cerebellin sequence (6, 7, 13). These
peptides, like cerebellin, are present in the cerebella of ver-
tebrates from human to chicken, where their sequences are
completely conserved (6, 7, 14; Y.U., J. L. Hempstead, and
J.I.M., unpublished work), suggesting a role for these small
molecules and, presumably, the precursor from which they are
derived, in Purkinje cell physiology. Cerebellin-like immuno-
reactivity has been found in extracerebellar sites (15, 16),
although the major sites are cerebellar Purkinje cells and
cartwheel neurons of the dorsal cochlear nucleus (15). Be-
cause the latter cells are believed to be related to Purkinje cells
(15, 17, 18), this finding would suggest that the function of
cerebellin and its related peptides and putative precursor is of
particular significance for the physiology of this neuronal
lineage.
To further the study of these postsynaptic peptides we

report the cloning ofa series ofcDNAs that encode cerebellin
sequence and represent the postulated human cerebellin
precursor, precerebellin.t Details of the structure and devel-
opmental expression of the precerebellin transcript are de-
scribed.

MATERIALS AND METHODS
Cloning of Human Cerebellin Precursor cDNA. A human

cerebellum cDNA library constructed in AZAP vector was
purchased from Stratagene. The library was screened by
using a single 48-mer oligonucleotide complementary to that
predicted for cerebellin by using the most frequent codon
usages in humans. Sequence of the synthetic oligonucleotide
used for screening was 5'-GTGGTTGGTGCTTCTGATG-
GCGCTGAAGGCCACCTTGGCGCTGCCGCT-3'. The
probe was radiolabeled with [y-32P]ATP (3000 Ci/mmol; 1 Ci
= 37 GBq; Amersham) by oligonucleotide kinase (GIBCO-
BRL) and used to screen the cDNA library by standard
plaque-hybridization techniques (19). After screening -1 X

*Present address: Towa City Corporation-Nishinotohin, Room 706,
440 Konishi-cho, Takoyakushi-sagaru, Nishinotoin, Nakagyo-ku,
Kyoto 604, Japan.
tTo whom reprint requests should be addressed.
MThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M58583).
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106 plaques, three independent positive clones, from 1 to 1.5
kilobases (kb) in size, were isolated.
By using one of these cDNAs (clone 2; see Fig. 1) as probe,

a genomic clone was isolated from a mouse Charon 35 llbrary
(gift of R. Kinloch, Roche Institute). The insert was digested
with Pst I and subcloned into pGEM-3. A subclone compris-
ing -4 kilobase pairs (kbp) of the mouse precerebellin gene
was identified by colony hybridization. This clone was used
to confirm results obtained with the human cDNA probe.
DNA Sequencing. The inserts from the three positive cDNA

clones were excised and ligated into the EcoRI cloning site of
pBluescript (Stratagene). DNA sequences were determined
by the dideoxynucleotide chain-termination procedure (20)
employing a T7 DNA polymerase sequencing system (Pro-
mega), 2'-deoxy-7-deazaguanosine 5'-triphosphate (in place
of dGTP), deoxycytidine 5'-[a-[35S~thioltriphosphate (1000
Ci/mmol) (Amersham), and a series of synthetic oligonucle-
otide primers. Fig. 1 shows the sequencing strategy and the
position of the primers relative to the three clones.
RNA (Northern) Transfer and Hybridization. Rats and mice

were sacrificed by decapitation, and tissues were rapidly
dissected out and immersed in liquid nitrogen. Human cer-
ebellar tissue was obtained at surgery for removal of a
malignant brain tumor. After excision from the patient, a
small quantity of cerebellar tissue was dissected away from
the tumor and immersed in liquid nitrogen. Total RNA was
extracted using the procedure of Auffray and Rougeon (21).
Total RNA was electrophoresed on 1% agarose gels and
transferred to a nitrocellulose filter as described (22). Mem-
branes were hybridized to the human precerebellin cDNA
probe labeled with [a-32P~dCTP (3000 Ci/mmol; Amersham)
using a multiprime kit (Amersham), according to the recom-
mendations of the manufacturers. In one experiment a sub-
cloned 4-kbp fragment of the murine precerebellin gene was
labeled in a similar manner and used to probe the same blots
to ensure authenticity of the bands.

Sequence and Homology Analyses. DNA sequences were
assembled using Genetics Computer Groups (GCG) programs

(23). Homology searches were made ofthe GenBank (release
65.0, European Molecular Biology Laboratory (release 24.0),
National Biomedical Research Foundation (release 36.0), and
Swiss-Prot (release 14.0) databases using the FASTA program.
In addition, the databases were searched by using the program
of Nishikawa et al. (24) employing the statistical treatment
described by Toh eta!. (25). The latter search and analysis was
performed by H. Toh of the Protein Engineering Research
Institute (Osaka).

RJESULTS
Screening a human cerebellum cDNA library with a single
48-base oligonucleotide antisense to the predicted cerebellin
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FIG. 1. Structure and sequencing strategy of precerebellin
cDNAs. Three clones were isolated that hybridized to a single 48-mer
oligonucleotide complementary to the cerebellin sequence. The
longest clone, (clone 1) contained a 1522-base-pair (bp) insert that
encodes cerebellin hexadecapeptide, indicated by the dark area.
Upon sequencing, the two other clones (clones 2 and 3) were both
found within the long clone, between residues 354 and 1274 relative
to clone 1. Clone 1 has a single open reading frame between residues
314 and 893 that encodes a possible initiator methionine (residue
314), the cerebellin peptide sequence (residues 482-529), and a stop
codon (residue 893). Nucleic acid sequence 5' to the ATG contains
stop codons in all three frames and no other candidate initiator
sequences, suggesting that the ATG at residue 314 is the translation
start site. Sequencing was done as described by using oligonucleotide
primers indicated by boxes. Open boxes represent primers sited in
the vector; closed boxes are oligonucleotides synthesized from
deduced sequences. All three clones were sequenced on both
strands, as indicated by arrow direction.

FIG. 2. Sequence of human precerebellin. Sequence was derived
as described in Fig. 1 legend, and overlapping sequences were
assembled by using the University of Wisconsin Genetics Computer
Group programs (23). Complete nucleic acid sequence of clone 1 and
amino acid (single-letter code) sequence of the longest open reading
frame are shown. Shaded amino acids indicate the cerebellin peptide
sequence, whereas underlining indicates possible glycosylation sites.
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sequence by using the most frequent codon usage in human
yielded three positive clones. All three cDNAs were related
(Fig. 1) and upon sequencing were found to contain a
nucleotide sequence encoding the 16 amino acids of cerebel-
lin (Figs. 1 and 2). The longest clone (1.5 kb) has a potential
initiator methionine and a stop codon in the same reading
frame as the cerebellin sequence and encodes a protein of 193
amino acids (Fig. 2). Upstream of the putative initiator
methionine, there are stop codons in all reading frames before
another ATG is encountered. Neither the nucleotide se-
quence of the clone nor its predicted amino acid sequence is
present in any of the databases searched. Therefore, we
identify this cDNA as encoding the cerebellin precursor
precerebellin. The homology of the cerebellin hexadecapep-
tide sequence to the polyimmunoglobulin transporter (7) does
not extend further in the precursor, and thus the relationship
was fortuitous. However, the extended cerebellin sequence
does show a similarity to the complement component C1qB
ofboth human (significance, 9.7 SD) and mouse (significance,
8.8 SD) (Fig. 3). Over a 145-amino acid stretch, precerebellin
is 31.3% identical with human C1qB and is 52.2% similar (Fig.
3, calculated according to refs. 24 and 25). Precerebellin is
less related to human CiqA, where identity is 20.7%, and
similarity is 44.8% (significance, 2.4 SD). Chicken collagen X
is intermediate between ClqA and C1qB with 28.6% identity
and 50.6% similarity (significance, 5.2 SD).
The predicted precerebellin sequence bears few canonical

structural motifs. Three potential N-linked glycosylation
sites are present (Fig. 2). A markedly hydrophobic domain is
present at the amino terminus, whereas a less hydrophobic
region is found at the carboxyl terminus. The former does not
conform to the normal signal peptide motif; however, it
cannot be excluded formally that this or other hydrophobic
sequences could be involved in membrane insertion or as-
sociation.
Northern blot analysis with total RNAs from human,

mouse, and rat cerebellum shows the same transcripts (Fig.
4B). These multiple transcripts have approximate sizes of 1.8,
2.3, 2.8, and 3.0 kb in the rat cerebellum and are detected by
both the human precerebellin cDNA and mouse precerebellin
genomic fragment (Fig. 4A). No signal is evident in extra-

neural tissues, although a weak signal appears in some other
areas ofbrain-notably thalamus (Fig. 5). These data support
our earlier biochemical analyses of cerebellin levels in vari-
ous tissues and brain regions (6, 15).
During development in the rat, precerebellin transcripts

are already evident at low levels on embryonic day 20 and
postpartum day 1 (Fig. 6). Levels of precerebellin mRNA rise
slightly between day 1 and 5 after birth and then much more
dramatically by day 15 and 21 postpartum (Fig. 6). Only trace
levels of precerebellin mRNA are detected in cerebral cortex,
predominantly at early times, during the equivalent time
period (Figs. 5 and 6). This pattern of temporal expression of
precerebellin mRNA is in excellent agreement with cerebellin
peptide levels during the same period of rat development (8).

DISCUSSION
The peptide cerebellin is derived from a previously unde-
scribed precursor (Fig. 2) by proteolytic processing events
that do not involve cleavage at dibasic amino acids. Precer-
ebellin transcripts show the same temporal (Fig. 5) and
spatial (Fig. 6) distribution as the cerebellin peptides (6, 7,
15). Thus, transcripts are only abundant in the cerebellum;
they are present at low levels at the time of birth; they only
accumulate to maximum values by the third week postpar-
tum. Northern blot analyses demonstrate four precerebellin
mRNA species, one of which is predominant (Fig. 4B).
However, no particular variation occurs in the relative dis-
tribution of these transcripts, either among different brain
regions and tissues or during development. Thus, whatever
the significance of these various mRNAs, they all appear to
be expressed in the same brain regions-almost exclusively
cerebellum-and individual transcripts are not specifically
linked to any maturation phase. We do not know yet whether
these multiple transcripts are derived from the same gene by
alternative splicing or whether they are products of indepen-
dent genes.

Electron microscopic studies have indicated that a signif-
icant proportion of the cerebellin-like immunoreactivity in
Purkinje cell spines is associated with postsynaptic densities
and other membrane-like structures within the postsynaptic
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FIG. 3. Sequence comparison of precerebel-
lin to A and B chains of complement Clq and to
collagen X. Alignment of amino acid (single-
letter code) sequences ofhuman and murine Clq
chains, chicken collagen X, and human precer-
ebellin cDNA (alignment was generated by us-
ing the program described in ref. 24; further
details are given in text). Boxed sequences,
identity of amino acids; shaded residues, con-
servative substitutions; dashes, breaks in se-
quence introduced by program; dot, sequence
continues in protein but lacks sufficient similar-
ity for program comparison (calculated accord-
ing to ref. 25); asterisk, end of a coding se-
quence. Sequences shown are resident in the
databases and were originally published in refs.
26-28.
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apparatus (12). This would suggest that precerebellin might
be bound to, or associated with, a membrane. Precerebellin
does have a hydrophobic amino terminus that could be an
atypical signal sequence. In addition, the presence of poten-
tial N-linked glycosylation sites may also indicate that pre-
cerebellin is a membrane protein. As cerebellin is selectively
localized to dendrites (8, 12), precerebellin could contain
motifs that direct it to dendrites. In this context, it might be
speculated that the amino-terminus hydrophobic region con-
stituted such a motif.
One study has reported cerebellin-like immunoreactivity in

extraneural tissues (16). However, this result disagrees with
previous biochemical (6) and immunological (7, 12, 15) stud-
ies, as well as the Northern blot analysis presented here (Fig.
5). Preliminary evidence suggests that precerebellin is a
member of a small gene family (data not shown). Thus, the
cerebellin-like immunoreactivity reported in extraneural tis-
sues (16) could be a cross-reaction with the product of a
related gene. Cerebellin has also been suggested to be a
neuromodulator (16). However, in addition to its postsynap-
tic localization (12), several aspects of precerebellin structure
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FIG. 4. Precerebellin transcripts in cerebella of various species
analyzed with human cDNA and mouse genomic probes. (A) Rat
cerebellar total RNA (5 ug per lane) probed with either human
precerebellin cDNA 2 (three right lanes) or mouse precerebellin
genomic fragment (four left lanes). The experiment of Fig. 6 was run
in duplicate-one filter was probed with human cDNA and the other
with mouse precerebellin genomic fragment, as described. For brevity
and clarity, only data for the oldest rats were depicted; thus, the right
three lanes are identical with the last three lanes of Fig. 6. However,
at all ages genomic and cDNA probes gave the same results. In mature
rats four transcripts are apparent with the cDNA probe. The most
abundant transcript is -2.3 kb and is also detected by the genomic
probe. Two other transcripts of -3.0 and 1.8 kb are somewhat less
abundant and are also detected by both reagents. A fourth transcript
of 2.7 kb is of low abundance and only clearly revealed by the cDNA
probe. Positions of 18S and 28S ribosomal RNA are indicated. (B)
Total mRNA (5 gg per lane) from adult human (h), rat (r), and mouse
(m) cerebella probed with the human precerebellin cDNA. Upper
arrow, 2.3-kb transcript; lower arrow, 1.8-kb mRNA. The 3.0-kb
message is just visible, particularly in the murine sample, whereas the
minor 2.7-kb mRNA is not detected at this exposure.
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FIG. 5. Tissue distribution of precerebellin mRNA (A). Distri-
bution of precerebellin transcripts in various rat tissues and brain
regions. Total RNA (5 jig per lane) from indicated sources was
analyzed by Northern transfer and hybridization against the human
precerebellin cDNA clone. At left are RNAs from various brain
regions, whereas at right are RNAs from several extraneural tissues
and organs. Lanes contain RNA from the following sites: hippocam-
pus (hp), striatum (st), olfactory bulbs (ob), brain stem (bs), cerebral
cortex (cx), cerebellum (cb), thalamus (th), testis (ts), kidney (ki),
spleen (sp), liver (li), lung (lu), stomach (st), adrenal gland (ad),
thymus (ty), and cerebellum (cb) (added as positive control). (B)
Ethidium bromide-stained gel before transfer to nitrocellulose to
show that all lanes were loaded with approximately equivalent
amounts of total RNA (as judged by intensity of ribosomal RNA
bands). An additional side lane was loaded with an independent rat
cerebellar RNA sample to show reproducibility and to indicate that
no uneven transfer was encountered at the gel edge. Blot has been
overexposed intentionally to emphasize the lack of hybridization in
extracerebellar tissues. Spotting in the blot is a function of the probe
and seems to be a product of its G+C content.

argue against this contention. (i) Cerebellin is not bounded by
the classical dibasic processing motif present in many (al-
though not all) neuropeptide precursors. (ii) Precerebellin
appears related to complement and collagens rather than to
any known neuropeptide precursor.
The similarity of precerebellin to complement component

Clq B and collagen X (Fig. 3), raises an interesting possibility
regarding the function ofthis protein. Complement component
Clq is a high-molecular-weight protein complex containing six
identical heterotrimers (24, 25). Each heterotrimer contains
one chain each of Clq A, -B, and -C. The three chains are
structurally related and contain a collagen-like domain, with
the classical glycine triplet repeat, and a carboxyl-terminus
non-collagen-like region (24, 25). The non-collagen-like re-
gions form a globular domain that binds to immunoglobulin
(24). Collagen X, a relatively rare collagen of uncertain func-
tion, also has a non-collagen-like carboxyl-terminus domain
(25). The carboxyl-terminus non-collagen-like regions of these
proteins show the similarity to the carboxyl two-thirds of
precerebellin. Indeed, alignment between precerebellin and
human Clq B is only shifted by four amino acids relative to the
carboxyl termini of both proteins. Therefore, we suggest that
the cerebellin precursor might, perhaps, in a complex with
related gene products, bind to a product of a member of the
immunoglobulin superfamily. Because precerebellin has no
collagen-like motif the amino-terminus domain, which lacks
any similarity to any of the complements or collagens, may be
involved in anchoring the precursor. Localizations of precer-
ebellin to the postsynaptic apparatus (12) would further sup-
pose that such a mechanism contributes to the physiology of
the Purkinje cell synapse, perhaps in terms of synapse stabi-
lization or membrane-fusion events.
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FIG. 6. Developmental expression of precerebellin. Total RNA
from cerebellum (cb) or cerebral cortex (cx) was isolated from rats
at indicated embryonic (E) or postpartum (P) ages and analyzed for
precerebellin transcripts by hybridization to human precerebellin
cDNA probe. (A) Hybridization of total RNA at 5 ,ug per lane to
cDNA probe. (B) Ethidium bromide-stained gel before transfer to
indicate equal loading of lanes. An identical blot was probed with
murine precerebellin genomic fragment with an essentially identical
result (some of these data are in Fig. 4A). Blot was intentionally
overexposed (as in Fig. 5) to demonstrate the low levels of precer-
ebellin transcripts in the neonate, the absence of transcripts in
cortex, and the weaker hybridizing species in cerebellum.

It is now possible to analyze specific gene regulation in
cerebellar Purkinje cells by using transgenic approaches (5).
Availability of the precerebellin cDNA, as well as a mouse
genomic clone, will now permit isolation and expression of
the promoter for this gene in mice and comparison of this
promoter with other promoters that direct expression in
Purkinje cells (5).
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