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Abstract

Active aspartic proteinase is isolated from Brassica napus seeds and the peptide sequence is used to generate
primers for PCR. We present here cDNA and genomic clones for aspartic proteinases from the closely related
Brassicaceae Arabidopsis thaliana and Brassica napus. The Arabidopsis cDNA represents a single gene, while
Brassica has at least 4 genes. Like other plant aspartic proteases, the two Brassicaceae enzymes contain an extra
protein domain of about 100 amino acids relative to the mammalian forms. The intron/exon arrangement in the
Brassica genomic clone is significantly different from that in mammalian genes. As the proteinase is isolated from
seeds, the same tissue where 2S albumins are processed, this implies expression of one of the aspartic proteinase
genes there.

Aspartic proteinases appear to be the simplest sub-
class of peptidases known, containing only three fam-
ilies, and are found in numerous organisms including
viruses, fungi, animals and plants [24]. A role for these
enzymes in protein processing has been demonstrated
in polyprotein processing of the AIDS virus [5], in
enzyme precursor processing in yeast and animal cells
[11, 15, 21], and with seed storage protein precursor
processing in vitro in plants [8, 26].

Isolation of the Arabidopsis cDNA for an aspartic
proteinase was facilitated by the availability of several
expressed sequence tags (ESTs) with significant homo-
logy to the barley aspartic proteinase cDNA [20].Three
such ESTs were obtained from the Arabidopsis Biolo-

The nucleotide sequence data reported will appear in the
EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession numbers U51306 (pSG2J2), U55033 (pKD421) and
U55032 (pKD425).

gical Resource Center (ABRC, Columbus, OH) which
represent homology to different parts of the aspar-
tic proteinase sequence. These ESTs were shown to
be homologous on Southern blots (data not shown),
and the longest was used to screen a cDNA library
[16]. A 1.7 kb clone was isolated (pSG2J2) and fully
sequenced. The deduced protein sequence confirmed
the high homology to known plant aspartic proteinases,
but indicated the clone did not code for approximately
25 amino acids representing the amino terminal signal
peptide (Fig. 1).

The previously characterized Brassica aspartic pro-
teinase [8] was further purified to obtain partial amino
acid sequence. As detailed in the legends, a critic acid
extract of B. napus seed cake was concentrated, sub-
jected to pepstatin A affinity chromatography, and the
resulting eluate further separated using size exclusion
chromatography. Coomassie staining of a polyacryl-
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Figure 1.

amide gel demonstrated that two major protein bands
co-eluted with a proteinase activity that was inhibited
by pepstatin A (Fig. 2). The specificity of the pro-
teinase activity isolated was confirmed using a syn-
thetic peptide corresponding to the internal processed
fragment of one of the Arabidopsis 2S albumin iso-
forms previously shown to be cleaved by an aspartic
proteinase ([8]; data not shown). To obtain amino acid
sequence, these proteins were separated on a preparat-
ive gel, blotted onto a Problott membrane and visual-
ized with amido black. The two protein bands (28 kDa
and 35 kDa) were excised, and sequence obtained
from amino-terminal or tryptic peptides. The resulting

sequences showed that the 28 kDa peptide had signific-
ant homology to the amino acid sequences of known
aspartic proteinases (Fig. 1) while the 35 kDa band
showed no homology to any known sequence (data not
shown).

PCR primers were designed for these regions as
well as for regions containing highly conserved amino
acids around the two aspartic acid residues in the
active site in previously characterized aspartic pro-
teinases. Using Brassica genomic DNA as a template,
two PCR amplification fragments were cloned and
sequenced (the insert size of pKD420 was 670 bp and
for pKD421 was 570 bp). The sequences were similar
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but not identical (see Fig. 1). Genomic clones encod-
ing the complete B. napus aspartic proteinase gene
were isolated from an enriched library using pKD420
as a probe (see Fig. 1). One clone (pKD425) con-
tained a 5.6 kb insert and was completely sequenced.
Intron-exon boundaries were determined on the basis
of homology with the Arabidopsis cDNA and con-
census sequences for splice junctions. As expected,
the deduced amino acid sequence shows significant
homology of the Arabidopsis and Brassica enzymes
beyond the putative signal sequence (marked in Fig. 1),
including the proposed active site aspartic acids and
conserved cysteine residues. The sequence of the gen-
omic clone (pKD425) is identical to pKD420 in the
region of overlap, but different from the other PCR
fragment (pKD421) and from the peptide sequences
(Fig. 1), which suggested that there are at least two
genes for aspartic proteinases in B. napus.

Southern blotting demonstrated that the aspartic
proteinases are coded in B. napus by at least 4 genes but
only a single gene in Arabidopsis. Genomic DNA was
restricted using a number of different enzymes, separ-
ated on a gel, blotted and probed with either pSG2J2
for the Arabidopsis samples and pKD420 and pKD421

Figure 1. Comparison of aspartic protease sequences. Sequences were deduced from the coding sequences of the Brassica napus genomic clone
pKD425 (Bn), the Arabidopsis thaliana cDNA pSG2J2 (At), the partial B. napus genomic PCR fragment pKD421 (421) and, partial peptide
sequences of a purified B. napus aspartic protease (see Fig. 2) (Pep). These sequences are compared to previously published sequences from
barley (accession number X56136) (Hv) [27], Cynara cardunculus (accession number X81984) (Cc) [6], Brassica oleracea (accession number
X80067) (Bo-2) [10], rice (accession number D32144) (Os) [1] and human cathepsin D (accession number M11233) [9], as well as to partial
sequences in GenBank from Brassica campestris (accession number L33639) (Bc), and B. oleracea (accession number X77260) (Bo-1). The
‘X’ in the 421 sequence is due to a sequencing ambiguity but the codon would form either an I or M at that position. The numbering is based
on the Bn sequence and a colon ‘:’ indicates the sequence is identical to the Bn sequence on top. Gaps are included to maximize the alignment.
The solid arrow indicates the end of the signal peptide determined biochemically for the barley clone [26] while that predicted for the Brassica
gene is at a similar location [23, 35]. The open arrow marks the beginning of the mature protein based on amino-terminal sequences of the
barley protein [31] and the sequenced peptides from the Brassica enzyme. PSS indicates the region unique to plant genes. The positions and
sizes of the introns in the B. napus and human genes are indicated as filled arrowheads with numbers above or below the sequence. pKD421
contains the first 3 introns found in pKD425 at the same positions, but the sizes (104, 88 and 91 bp, respectively) and sequences are not identical.
Complete DNA sequences, including introns, for pKD421, pKD425 and pSG2J2 are to be found under the accession number U55033, U55032,
and U51036. DNA manipulations were done according to established procedures [28]. The Arabidopsis cDNA was obtained using EST T21482
(homologous to ESTs T20862 and T20903) to probe a cDNA library from the ABRC (CD4-15) which was made from seedling hypocotyls from
A. thaliana ecotype Columbia. About 30 000 plaques were screened to obtain a positive clone, pSG2J2. The clone was completely sequenced
manually using the method of Sanger [29]. Gels similar to that shown in Fig. 2 were run and blotted on a Pro Blott (Applied Biosystems)
membrane. The membrane was stained with amido black, the 28 kDa band was excised and treated with trypsin (except for the sample used for
amino-terminal sequencing). The tryptic peptides were isolated and sequenced [2]. pKD420 and pKD421 (see text) were isolated using the PCR
primers PCR2 GAIACIGGII SIISIAAIYT ITGGGTICC and PCR3 CCIAIICCIA RIATICCRTC RAA (I = inosine). Amplification was done
using Taq polymerase (Perkin Elmer) with 100 ng genomic B. napus DNA as template, 100 pmol of each primer and an annealing temperature
of 40 �C. The two bands resulting were further amplified individually with the band stab method [3]. The amplification fragments were isolated
from gel with Qiaex (Qiagen), treated with T4 polymerase and T4 kinase, and cloned into pGEM 3Zf(+) (Promega) restricted with SmaI.
Recombinant clones were detected with blue-white screening. The inserts were sequenced using an ABI automated sequencer. pKD425 was
isolated as follows; 150 �g B. napus DNA was digested overnight with EcoRI and separated overnight on a preparative 1% low-melting agarose
gel. The gel was sliced into pieces of 0.5 cm in the size range between 3 kb and 11 kb. The DNA was extracted from the gel matrix with phenol
and precipitated. The different samples were then assayed using a Southern blot. The fractions for which positive signals were detected were
used for cloning in Lambda arms cut with EcoRI and dephosphorylated (Lambda ZAPR II/EcoRI/CIAP, Stratagene). The constructs were then
packaged using GigapackR II packaging extract (Stratagene); 5�105 pfu were screened with pKD420. Single colonies were isolated and inserts
subcloned using in vivo excision according to the manufacturer’s instructions (Stratagene), such that the fragment was cloned in pBluescript
SK. After preliminary analysis, pKD425 was selected for complete sequencing using an ABI automated sequencer.

for the Brassica samples. The results indicate that the
Arabidopsis gene is likely to be single copy as single
bands were detected in several digests (Fig. 3A). The
aspartic proteinases in B. napus appear to be encoded
by a small gene family (Fig. 3B). For instance, diges-
tion of genomic DNA with BglII shows 3 major bands
with the pKD420 as probe, but two distinct bands when
pKD421 was used as probe (Fig. 3B). Neither probe
contains a restriction site for any of the enzymes used.
Furthermore, the two probes do not cross hybridize at
the stringency used in this experiment (Fig. 3B; lanes
420 and 421). Taken together, the banding pattern in
the Southern blots, and the differences between the
sequences from the PCR and genomic clones, as well
as the peptides, the data are consistent with at least 4
genes being present in B. napus. The purification of
active protein from seeds of B. napus (this work) and
A. thaliana (A. Mutlu and S. Gal, manuscript in pre-
paration) demonstrates that these genes are expressed
in seeds.

Comparison of all of the plant aspartic proteinases
sequenced to date shows limited homology in the putat-
ive signal peptide and amino-terminal propeptide, but
clear homology in the downstream regions (Fig. 1).
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Striking similarities in the sequence coincide with the
active site aspartic acid residues and the alignment
of the conserved cysteine residues which are common
with the mammalian aspartic proteinases.The Brassica
genomic sequence (pKD425) is clearly the homologue
of one of the B. oleracea sequences (Bo-2 in Fig. 1), as
might be expected since the tetraploid B. napus is the
result of a cross between B. oleracea and B. campestris.
The other partial B. napus sequences (nucleic acid and
protein) do not have clear counterparts in the partial
sequences available for the other B. oleracea (Bo-1)
and B. campestris (Bc) isoforms, but it is likely that
the multiple B. napus genes will have homologues in
one or the other of the progenitor species.

The plant aspartic proteinases have diverged from
the mammalian forms of these enzymes in both the pro-
tein coding region and the intron/exon arrangement.
Relative to the mammalian sequences, plant aspartic
proteases all contain an insertion of about 100 amino
acids called the plant specific sequence (PSS in Fig. 1).
A blast search using this region alone shows slight
homology to saposin C and pulmonary surfactant-
associated proteins with a conserved arrangement of
the cysteine residues [12, 17, 34]. This might sug-
gest an interaction of the enzyme with lipids via this
exposed domain. Recent work with human cathepsin
D [36] has shown a transient association of the enzyme
during synthesis with a protein having antigenic simil-
arity to saposin C. These researchers propose that this
interaction may facilitate the lysosomal targeting of the
enzyme which would be consistent with work studying
another enzyme [33]. The possible role of this domain
awaits parallel in vitro studies with mammalian and
plant proteinases.

All of the plant splice junctions met the canonical
GT/AG requirement, although immediately adjacent
sequences were less conserved (sequences available in
the databank). As shown in Fig. 1, the position and
size of the 12 introns in the Brassica genomic clone
do not match those found in the human cathepsin D
gene [25]. The arrangement in cathepsin D is repres-
entative of that in several other mammalian aspartic
proteinase genes [13, 14, 19, 22, 32]. With the excep-
tion of the partial PCR clone (pKD421, Fig. 1), which
has three introns in analogous positions but which dif-
fer in sequence and length from those of pKD425, no
other plant genomic sequences are available. Thus we
are unable to determine if this intron arrangement is
a general feature of plant aspartic proteinases. One
mammalian intron is located near the site of the PSS,
suggesting the possibility that an alternative splicing

Figure 2. Polyacrylamide gel analysis of gel filtration fractions
of Brassica napus seed extracts. About 1/20th of the fractions
was loaded on a 15% polyacrylamide gel, which was stained with
Coomassie Blue. The numbers on top of the lanes refer to the frac-
tions collected after gel filtration. F81 is number of the gel filtration
run. F79 of 1/80 of the fraction obtained after elution from the pep-
statin A column. The molecular size markers are indicated in kDa.
100 g seed cake of B. napus was extracted in 500 ml 100 mM citric
acid buffer pH 3.5, 5 mM PMSF, 5 mM EDTA for 2 h at 4 �C. The
extract was isolated by centrifugation at 5000 � g. The supernate
was clarified by centrifugation in an SS-34 rotor at 13 000 rpm and
subsequently concentrated by ultrafiltration through a PM-30 filter
to a final volume of 50 ml. The pH was adjusted to 3.5 with 2 M
unbuffered citrate solution and the salt concentration to 200 mM
NaCl in a total volume of 100 ml. After centrifugation this sample
was loaded onto a 5 ml pepstatin A agarose column (Sigma) and
eluted as described [8]. A fraction of about 20 ml corresponding
to a peak detected at 280 nm was collected and lyophilized after
dialysis against deionized water. The sample was resuspended in
250 �l water, and 200 �l of this sample was loaded on a Super-
dex 75 HR 10/30 gel filtration column (Pharmacia). The column
was run in 150 mM NH4HCO3. Fractions of 0.5 ml were collected,
lyophilized and resuspended in 50 �l deionized water. For each frac-
tion, enzymatic activity and its pepstatin sensitivity were analyzed
as described ([31] and references therein), using bovine hemoglobin
as a substrate. The enzyme generates trichloroacetic acid (TCA) sol-
uble peptides at pH 3.7 and 30 �C from the hemoglobin substrate.
The concentration of the TCA soluble peptides is a measure for the
protease activity. One unit corresponds to an enzyme activity that
generates TCA soluble products in 1 h at 30 �C equivalent to 1 mg
BSA. The specific activities in the different fractions were as fol-
lows: F9 5.2U/mg protein, F10 19.6, F11 39.7, F12 61.3, and F13
31.6.

event resulted in the incorporation of the PSS in the
plant messages. The length of this intron is quite vari-
able in the different mammalian genes some contain-
ing less sequence than would be necessary to code for
the entire PSS [13, 14, 19, 22, 25, 32]. Only a few
examples of genes for other proteins common to both
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Figure 3. Southern blot analysis of Arabidopsis and Brassica genomic DNA. A. Arabidopsis genomic DNA isolated from RLD ecotype via the
method of Dellaporta et al. [7] (10 �g) was restricted with the enzymes indicated and probed with the digoxigenin labeled insert from pSG2J2
(Boehringer Mannheim) in 50% formamide, 5 � SSC, 0.1% sarkosyl, 0.02% SDS and 2% blocking agent (Boehringer Mannheim) at 42 �C
overnight. The blot was washed in 2� SSC 0.1% SDS and 0:5� SSC 0.1% SDS at 42 �C and then processed for detection of the digoxigenin
(Boehringer Mannheim). B. Brassica napus genomic DNA was restricted with the enzymes indicated. The lanes marked 420 and 421 contain
15 pmol of plasmids pKD420 and pKD421, respectively. The left side of the blot was probed with pKD420, the right with pKD421. The final
wash was 5 min in 0:1� SSC, 0.1% SDS at 65 �C. The positions of the molecular weight markers are indicated and the sizes given in bp.

animals and plants have been isolated [4, 18, 30] and
in many cases the intron/exon arrangement is relat-
ively conserved between these two divergent species.
Our data indicate substantial addition and/or removal
of introns in the aspartic proteinase genes since the
evolutionary divergence of the two kingdoms making
it significantly different from other common genes thus
far isolated.

While this manuscript was under review, a rice
genomic sequence for the seed aspartic proteinase
was submitted to the database (Acc. No. D32165).
The intron/exon placement is identical between these
sequences although 3 of the introns in the rice are
significantly larger than those in B. napus. This indic-
ates that placement of introns in the plant aspartic pro-
teinase genes predates the divergence of monocot and
dicot species.
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