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Cruciferin (12 S globulin) is a large, neutral, oligo- 
metric protein synthesized in rapeseed (Brassica na- 
pus) during seed development. It is the major seed 
protein and is composed of six subunit pairs. Each of 
these pairs is synthesized as a precursor containing one 
heavy o-chain and one light #l-chain. Electrophoretic 
analysis of cruciferin showed that four different (Y- and 
four different &chains exist. A cruciferin clone was 
selected from an embryo cDNA library. This clone, 
pCRU1, contains a 1518-base pair open reading frame 
corresponding to a truncated NH&erminal signal se- 
quence followed by an a-chain of 296 and a &chain of 
190 amino acid residues. Individual cruciferin chains 
as well as peptides thereof were subjected to NH2- 
terminal amino acid sequence analysis. The sequences 
obtained from a specific (Y- and p-chain pair (crl and 
j?ll) showed total identity with the deduced amino acid 
sequence from pCRU1. Further comparisons revealed 
that a previously characterized cruciferin cDNA clone 
encodes one of the precursors for the closely related 
a2/c~3-82/@3 subunits. The deduced amino acid se- 
quences of the two cDNA clones display 64% similar- 
ity. 

Rapeseed (Brussica nupus) is today one of the major oil 
seed crops in many parts of the world. The seeds are rich in 
oil, but in addition contain a large amount of protein, which 
constitutes some 20-25% of the dry seed weight (1). The 
predominant protein species are napin (1.7 S) and cruciferin 
(12 S). Napin is a low molecular weight, basic protein, com- 
posed of two disulfide-linked polypeptides. It constitutes some 
20% of the total protein content in the mature seed. Napin is 
a well characterized protein (2), for which both cDNA (3, 4) 
and genomic clones have been isolated and analyzed (5, 6). 
The 12 S storage globulin cruciferin is the major protein in 
the mature seed, constituting 60% of the total seed protein at 
maturity (7). Like other 11-12 S globulins (8), cruciferin is 
an oligomeric protein, composed of six subunit pairs (9). Each 
pair consists of a heavy 01- and a light p-chain with a total M, 
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of some 48,000-54,000. The 11-12 S globulins are synthesized 
as (Y-P precursors on the rough endoplasmic reticulum. After 
their translocation across the membrane, they assemble into 
a preform composed of three subunit pairs. These transport 
intermediates eventually become deposited in vacuole-derived 
organelles, protein bodies, where the final processing and 
assembly into the hexameric form take place (10). Little is 
known about the details of the synthesis, assembly, transport, 
and processing of these proteins in general and cruciferin in 
particular. In order to investigate these processes in detail, it 
is essential to understand the relationship between different 
cruciferin precursors and the mature chains. We have ap- 
proached this question by comparing the amino acid sequence 
corresponding to a cruciferin precursor cDNA clone to partial 
sequences of cruciferin chains. 

MATERIAL AND METHODS’ 

RESULTS 

Characterization of Cruciferin-Cruciferin was isolated 
from the rapeseed lines Hanna and S. Karat and subjected to 
electrophoresis in SDS*-polyacrylamide gels to resolve sub- 
unit polypeptides. Nonreducing conditions revealed one major 
size class of polypeptides with apparent molecular weights of 
approximately 48,000-54,000 (a+) and two minor groups with 
apparent molecular weights of 29,000-34,000 (o() and 20,000- 
23,000 (p). After reduction the polypeptides of the a-p group 
disappeared and the staining intensity of the other groups 
increased (data not shown). In total four different 01- and four 
different P-chains were present in cruciferin from both rape- 
seed lines, although the staining intensity of individual poly- 
peptides varied between the two lines. (~2 and (~3 migrated at 
almost identical positions which precluded their separation 
by preparative electrophoresis (Fig. 1). 

In order to obtain protein sequence information on cruci- 
ferin, individual cruciferin chains were electrotransferred to 
polyvinylidene difluoride membranes. Peptides generated by 
Staphylococcus aureus V8 protease digestion or cyanogen bro- 
mide cleavage of cruciferin chains were also used for amino 
acid sequence determinations (Tables I and II). The intact 
cu2/3 and ot4 chains gave no NHz-terminal amino acid indi- 
cating that they are blocked at the NH2 terminus. The (~1 
chain is probably also blocked in cruciferin from S. Karat, 
but the homologous chain from the rapeseed line Hanna did 

’ Portions of this paper (including “Material and Methods,” Tables 
I and II, and Figs. 2 and 3) are presented in miniprint at the end of 
this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in the microfilm 
edition of the Journal that is available from Waverly Press. 

’ The abbreviation used is: SDS, sodium dodecyl sulfate. 
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FIG. 1. Separation of cruciferin polypeptides by SDS-poly- 
acrylamide gel electrophoresis. Purified cruciferin was reduced, 
alkylated and applied to an SDS-polyacrylamide gel (lo-1576 acryl- 
amide). After electrophoresis protein was detected by staining the gel 
with Coomassie Brilliant Blue. Individual (Y- and fl-polypeptides are 
numbered. a2/3 consists of two chains of similar size. Lane A, 
cruciferin from the rapeseed line Hanna; lane B, cruciferin from the 
rapeseed line S. Karat. 

show the presence of an NH*-terminal amino acid (Table I). 
All P-chains (pl-p4) yielded an NHa-terminal amino acid. p2 
and p3 were identical in all positions determined. Since the 
P2-chain was present in higher amounts in Hanna than in S. 
Karat the former line was used when the @B-chain was isolated 
and sequenced. 

Isolation and Sequencing of a cDNA Clone Encoding a 
Cruciferin Precursor-Rapeseed embryonic mRNA was sub- 
jected to translation in vitro in the presence of [35S]methio- 
nine and subsequently immunoprecipitated with the anti- 
cruciferin antiserum. Analysis of the precipitates by SDS- 
polyacrylamide gel electrophoresis showed that three [35S] 
methionine-labeled cruciferin precursors (PI-P3) are encoded 
in the mRNA.3 

A cDNA library consisting of 2000 clones was constructed 
from embryonic rapeseed mRNA. Fifty randomly chosen 
clones were screened by hybrid selection of mRNA followed 
by protein synthesis in vitro in the presence of [35S]methio- 
nine and immunoprecipitation with an anti-cruciferin anti- 
serum. Of several clones that hybridized to cruciferin mRNA, 
one was chosen for further characterization. This clone, 
pCRU1, hybridized specifically to mRNA that encodes the 
two largest precursors of cruciferin (Pl and P2). The other 
35S-labeled precursor (P3) was not detected under these con- 
ditions (data not shown). The pCRU1 insert hybridized to an 
embryo mRNA of 2100 nucleotides on a Northern blot (Fig. 
2) and was subsequently sequenced. The endonuclease restric- 
tion map along with the sequencing strategy are shown in Fig. 
3, and the DNA sequence is presented in Fig. 4. pCRU1 has 
an insert of 1704 base pairs in which a single open reading 
frame of 1518 base pairs was found. There is no initiation 
codon in the cDNA sequence, indicating that the clone is 
truncated at its 5’ end. Two consensus sequences for polyad- 
enylation were found in the 3’-untranslated region. The one 
closest to the translation stop codon is apparently not used 
in the mRNA species corresponding to pCRU1. Due to trun- 
cation 3’ of the second one we cannot conclude that this one 
is used either, although it appears likely. Comparison of the 
amino acid sequence deduced from the pCRU1 nucleotide 
sequence with the amino acid sequences obtained from cru- 
ciferin chains and peptides clearly establishes that pCRU1 
encodes the (Al-pl precursor. It also shows that the NH2 
terminus of the a-chain corresponds to codon 21 of the pCRU1 
insert and that of the P-chain to codon 317. This finding 
suggests that if no further processing occurs apart from the 
removal of the signal sequence and the proteolytic cleavage 

“J. Riidin, unpublished results. 
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FIG. 4. Nucleotide sequence and deduced amino acid se- 
quence of pCRU1. Nucleotides and deduced amino acid residues 
are numbered at the right margin. The arrow at -l/+1 denotes the 
signal sequence cleavage site. The glycine-glutamine repeats (starting 
at amino acid residue 121), octaglutamine sequence (starting at amino 
acid residue 238), and the two direct repeats (starting at amino acid 
residues 379 and 439) are underlined. An arrow between amino acid 
residues 316 and 317 indicates the proteolytic cleavage site between 
the (Y- and P-chains. The termination codon is indicated by three 
asterisks. Two consensus polyadenylation signals are boxed. 

of a single peptide bond between the (Y- and P-chain, this 
cDNA clone corresponds to a precursor giving rise to an cx- 
chain of 296 amino acid residues (MI = 32,900) and a P-chain 
of 190 residues (it4, = 21,200). 

DISCUSSION 

We have compared partial amino acid sequences of isolated 
crnciferin chains with the deduced amino acid sequences from 
a cDNA clone, pCRU1. This comparison made it possible to 
establish that this clone encodes a precursor that contains the 
al-p1 subunit. A previously characterized cDNA clone, pC1 
(21), was also included in the comparison. pC1 encodes a 
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FIG. 5. Glycine-glutamine repetitive regions in cruciferin 
sequences. The nucleotide sequences corresponding to the glycine- 
glutamine repeats of pCRU1 (A) and pC1 (B) are shown. The 
consensus sequence is shown in C. The numbering refers to nucleotide 
positions in the respective cDNA clone. 

distinct cruciferin precursor which displays complete identity 
with the available sequence of cruciferin chains 01213, p2, and 
p3. Both the 012 and (~3 as well as the /32 and p3 are highly 
similar. The a2/3 chains were analyzed as a mixture but 
showed virtually no sequence heterogeneity (Table I). /32 and 
@3 on the other hand which were analyzed separately were 
found to be identical in all determined amino acids positions. 
The a4 and p4 chains were easily distinguished from the other 
chains. No cDNA clone encoding (~4 or 04 has so far been 
isolated and characterized, but peptide mapping has suggested 
that these two chains are synthesized together in a precursor, 
P3. These data also suggest that precursor Pl codes for (~1 
and pl, whereas P2 generates the mature chains (~213 and 
p2/3.3 

Three cruciferin-like genes, CRAl, CRBB, and CRC, have 
been isolated from another Crucifer, Arabidopsis thaliunu (22). 
Two of these genes, CRAl and CRBB, have been sequenced. 
Comparison of these sequences with the available sequence 
information on cruciferin precursors indicates that CRAl is 
the homologue of the pC1 gene and that CRBB encodes a 
precursor homologous to cruciferin precursor P3. No sequence 
information is available on CRC. Accordingly, it is not yet 
possible to definitely say whether CRC and the pCRU1 gene 
are homologous. It is reasonable to assume that the different 
cruciferin precursor genes have arisen by multiple gene du- 
plication events. The data above accordingly suggest that 
these duplications preceded the divergence of A. thulium from 
its Brassica relatives. 

The cruciferin precursor undergoes a proteolytic event as it 
is cleaved into the mature (Y- and p-chains. The site for this 
cleavage (Asn-Gly) is well conserved with those in other ll- 
12 S storage globulin precursors (23). It is not presently known 
whether additional proteolytic trimming of the COOH ter- 
minai of the (Y- and P-chains may occur. 

The two cruciferin cDNA sequences are similar, but far 
from identical. Alignment of the nucleotide sequences as well 
as amino acid sequences reveals 64% identity. There is a 
repetitive sequence in the middle of the pCRU1 a-chain. It is 

49 amino acids long and 47 of these residues are either glycine 
or glutamine. A similar repeat is present in almost the same 
position of the pC1 a-chain, although it is a few residues 
shorter. The nucleotide sequences encoding these two repeti- 
tive segments consist of repeated blocks of nine base pairs 
(Fig. 5). Many other plant storage proteins are known to 
contain segments composed of simple repetitive elements (24- 
26). It is assumed that this type of repetitive sequences 
originate from slippage during replication and/or by unequal 
crossing over. In the cruciferin family the original sequence 
probably was GG(A/T/C)CA(G/A/C)CA(A/G) which during 
evolution has been tandemly repeated more than 10 times. 
Some of these duplications may have involved multiple units 
of the basic g-base pair repeat. Several of the repeats in pC1 
are shorter by one triplet and may have duplicated separately 
or as a part of a longer repeat unit. It is reasonable to assume 
that the reiteration of this sequence was at least started before 
the genes corresponding to pCRU1 and pC1 diverged. During 
the time elapsed since then, the sequences have deviated 
somewhat. 

It is not known whether cruciferin subunits like those of 
other 11-12 S proteins occur as a trimer in the endoplasmic 
reticulum and as a hexamer in the protein bodies. The eluci- 
dation of the relationship between the cruciferin precursors 
and the different mature chains as well as the availability of 
cruciferin cDNA clones will greatly facilitate studies on the 
assembly of the cruciferin molecule. 
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