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Endosperm of cereal grains is one of the most important renewable
resources for food, feed, and industrial raw material. It consists of
four triploid cell types, i.e., aleurone, starchy endosperm, transfer
cells, and cells of the embryo surrounding region. In maize, the
aleurone layer is one cell layer thick and covers most of the
perimeter of the endosperm. Specification of maize aleurone cell
fate is proposed to occur through activation of the tumor necrosis
factor receptor-like receptor kinase CRINKLY4. A second maize
gene essential for aleurone cell development is defective kernel 1
(dekT). Here we show that DEK1 shares high homology with animal
calpains. The predicted 2,159-aa DEK1 protein has 21 transmem-
brane regions, an extracellular loop, and a cysteine proteinase
domain that shares high homology with domain Il of m-calpain
from animals. We propose that DEK1 functions to maintain and
restrict the aleurone cell fate imposed by CR4 through activation of
its cysteine proteinase by contact with the outer endosperm
surface. DEK1 seems to be the only member of the calpain super-
family in plants, Arabidopsis DEK1 sharing 70% overall identity
with maize DEK1. The expression of dek? in most plant tissues in
maize and Arabidopsis, as well as its presence in a variety of higher
plants, including angiosperms and gymnosperms, suggests that
DEK1 plays a conserved role in plant signal transduction.

ndosperm of cereal grains is a valuable resource for food,

feed, and industrial raw material. Endosperm is one product
of the double-fertilization event in flowering plants and contains
four cell types, i.e., aleurone, starchy endosperm, transfer cells,
and cells of the embryo-surrounding region (1-3). In fully
developed maize grains, the aleurone is strictly limited to one cell
layer covering the perimeter of the inner mass of starchy
endosperm cells. Endosperm initially develops as a coencyte in
the central cell, consisting of a narrow layer of cytoplasm with
dividing nuclei covering a large central vacuole (1). Cellulariza-
tion of the endosperm is initiated by the formation of cell walls
forming alveoli around each nucleus with the open end facing
inward toward the central vacuole. Specification of maize aleu-
rone cell fate occurs after the first round of periclinal divisions
in the endosperm alveoli, the outer or peripheral cells forming
aleurone initials, and the inner cells or alveoli representing
starchy endosperm initials.

We previously proposed that aleurone cell fate specification
occurs by activation of the tumor necrosis factor receptor-like
receptor kinase CRINKLY4 (CR4) (4) by a hitherto unidenti-
fied positional cue (5). Morphologically, the aleurone cell fate is
manifested by the presence of preprophase bands, a microtubu-
lar array lacking in starchy endosperm cells (6). During early
stages of grain development, aleurone cells divide both anticli-
nally, expanding the surface area of the endosperm, and peri-
clinally. The inner daughter cells of these periclinal divisions
redifferentiate to become starchy endosperm cells, restricting
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the aleurone layer to exactly one layer of cells (7, 8). A second
maize locus affecting aleurone cell fate specification is defective
kernel 1 (dekl) (9). In an elegant study with Ds-induced chro-
mosome breakage in a dekl/+ genotype, Becraft and Asuncion-
Crabb (10) recently demonstrated that somatic loss of dekl’
function at late developmental stages leads to loss of aleurone
cell identity and redifferentiation to a starchy endosperm cell
fate. Conversely, by using the unstable Mutator (Mu) dek1-PIA
allele, somatic gain of the cell autonomous dek! function leads
to conversion of starchy endosperm cells into aleurone cells (10).
These studies demonstrate that the fate of endosperm cells, even
at late developmental stages, is flexible, and that aleurone cell
fate must be actively maintained throughout grain development.
The exact role of the dekl gene in this process is unknown. In
addition to aleurone cell development, the Cr4 gene is implicated
in leaf development, homozygous mutant plants having crinkly
leaves. Similarly, the phenotype of homozygous dek! embryos
show that dek! function is not restricted to aleurone cell differ-
entiation, dek! embryos sometimes contain a root primordium,
but lack shoot structures (11).

The purpose of this study was to identify the dek! gene. To
achieve this goal, we screened a population of maize lines
containing a high-copy number of Mu elements, identified and
cloned a Mu element cosegregating with the dekl mutant
phenotype, and used the sequence flanking the Mu insertion to
clone maize dekl.

Materials and Methods

Mutant Screening and Microscopy. Visual inspection of the 41,000
ears in Pioneer Hi-Bred International’s Trait Utility System in
Corn collection (12) revealed 12,600 ears that contained a
mixture of plump (wild type) and nonplump grains. Mature
nonplump grains from all segregating ears, representing poten-
tial endosperm mutant grains, were fixed overnight at room
temperature in 2% glutaraldehyde/0.3 M sodium phosphate
buffer, pH 6.5. Hand sections were stained with Toluidine blue
and mounted on glass slides with 15% Mowiol/35% glycerol/
0.07 M Tris (pH 7.5). Preparation for resin embedding of
dekI-muml kernels followed published protocols (13).

Abbreviations: Mu-mutator, dek1-defective kernel 1, mum1-mutator-induced mutant 1;
DAP, days after pollination; CR4, tumor necrosis factor receptor-like receptor kinase
CRINKLY4; calpain, calcium-requiring cysteine proteinases.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AY061803, AY061804, AY061805 AC027034, F7A10.23,
AP004161, AY062272, and AW043258).
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Allelism Test, Cosegregation Analysis, and Cloning of dek1. The
identity of the dekl-muml mutant gene as dekl was established
in a cross between dekl-muml/+ plants and plants carrying the
dek1-1394 reference allele (kindly provided to O.-A.O. by P.
Becraft, Iowa State University, Ames). Cosegregation analysis
was performed in a population of plants segregating for the
dekl-muml allele. Plants carrying ears with only wild-type grains
were classified as wild type, plants with 25% dek1-mumI kernels
as dekl-muml/+. Homozygous dekl-muml embryos do not
germinate. Seeds from the dekI-DR1129 stock (130E) was
obtained from the Maize Genetics Cooperator Stock Center,
Urbana, IL.

DNA for the cosegregation analysis was isolated from freeze-
dried leaf material according to the cetyltrimethylammonium
bromide protocol (14), digested with restriction enzymes (Roche
Molecular Biochemicals) and separated on 0.8% agarose gels.
DNA fragments were transferred to Hybond-N+ membranes in
10 SSC. Genomic DNA gel blots were probed with 32P-labeled
Mu-element-specific probes (15) kindly provided by V. Chan-
dler, Univ. of Arizona, Tucson. A subgenomic library of the
polymorphic DNA fragment from dekl-muml/+ plants (see
Fig. 2 4 and B) was prepared in Asp-718-digested ZAP-Express
(Stratagene) vector. A single clone containing the cosegregating
3-kb fragment was identified by using the Mul probe. The DNA
flanking the Mul insertion was identified by sequencing the
insert. The Mu insertion in dek1-DR1129 was identified by PCR
by using dek! primer AACCTGCATCAGGGATTGCCATCG-
TAAG in combination with Mu-TIR primer AGAGAAGC-
CAACGCCAWCGCCTCYATTTCGTC.

dek1 Transcript Isolation and Sequencing. Total RNA was isolated
from 9 days after pollination (DAP) maize kernels with Pure-
script (Gentra Systems) and from 7 DAP Arabidopsis thaliana
Columbia seed as described (16). PCR cloning of overlapping
regions of cDNA into pCR 2.1 TOPO (Invitrogen) was accord-
ing to standard molecular protocols. cDNA sequences were
compared against corresponding genomic sequences to deter-
mine exon-intron arrangement. A comparison of the 4. thaliana
dekl gene in GenBank (accession nos. AC027034, F7A10.23)
and the experimentally determined dekl cDNA sequence of A.
thaliana revealed several incorrect intron-exon splice predictions
in the annotations of the predicted coding sequence. The
corrected sequence of the A. thaliana cDNA has GenBank
accession no. AY061803.

dek1 Isolation and Sequencing. dek] maize cDNA fragments were
used as probes to screen a maize Mol7 genomic bacterial
artificial chromosome (BAC) library. The HindIIl and EcoRI
subfragments homologous to calcium-requiring cysteine pro-
teinases (calpain) cDNA were identified in selected BAC
clones by gel blot hybridization, cloned into a plasmid vector
pBSKS (Stratagene), and sequenced with the help of the
EZ:'TN transposon insertion system (Epicentre Technologies,
Madison, WI).

dek1 Expression Analysis. Poly(A)™ RNA from dissected tissue
samples were submitted to Lynx Therapeutics (Foster City, CA)
for massively parallel signature-sequencing analysis (17). The
signature sequences for maize and A. thaliana deklI orthologues,
GATCCATGGTTCTTTGG (GenBank AY061806, position
6758) and ATCTTGAGACACGCAT (GenBank AY061803,
position 6905), respectively, were calculated on a ppm transcript
basis. The presence of dekl transcript in homozygous dekl-
muml endosperm was assayed by using poly(A)* RNA extracted
from dissected 15 DAP endosperms from dek!-muml and B73
wild-type kernels. Poly(A)* RNA was isolated with oligo(dT)
magnetic beads (Dynal, Great Neck, NY) and first-strand cDNA
was made from 100 ng poly(A)™ RNA with Superscript System
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Fig. 1. The phenotype of dek7-mum1 homozygous maize kernels. (A) Fq-ear
from the cross dek7-mum1/+ X dek1-1394/+. The ear segregates 3:1 for
wild-type (dark) and dek1 (white) grains, demonstrating that the two muta-
tions are both in the dek7 gene. (B) Hand section of dek7-mum1 kernel stained
with the lipid stain Sudan red 7B (31). Starchy endosperm cells (SE) are located
in the periphery of the endosperm close to the remnants of the nucellus
(arrow). The maternal pericarp (P) is seen to the right. (C) Transverse hand
section of wild-type kernel with peripheral aleurone cells (A) adjacent to the
remnants of the maternal nucellus (arrow). (D) Transverse section of 15 DAP
homozyogous dek7-mum1 endosperm embedded in Spurr resin (13) showing
partial presence of aleurone cells (A) with dark cytoplasm in the periphery of
the endosperm. (E) Wild-type endosperm (15 DAP) with normal aleurone
layer. (F) dek1-mum1 grain showing blue stain from the Gus reporter driven
by the aleurone-specific barley Ltp2-promoter. (G) Homozygous dek7-mum1
embryo (E) at 15 DAP. The shape of the embryo is globular, lacking the embryo
axis found in wild-type embryos.

(GIBCO/BRL) according to the manufacturer’s instructions.
The dek1-specific primers from the 5’ and 3’ side of the Mul
insertion site in the dekl-muml allele have the sequence 5'-
CCACCCATGGACTTAGATGCCTTTGG-3" and 5'-AG-
ATCCAGAAGGACTTCCAGCACCAAG-3’', respectively.
The Mu-TIR primer used was as described above. PCR was
performed with annealing temperature at 62°C for 40 cycles, and
20 pl of the amplification products was visualized on a 1.5%
Agarose gel.

Results

Isolation of a Mu-Tagged dek1 Allele from a Large-Scale Microscopy
Screen. As a step toward a broader understanding of the mech-
anisms involved in aleurone cell development, we conducted a
microscopy-based screen of a subset of lines in Pioneer Hi-Bred
International’s Trait Utility System in Corn maize population
(13). In this screen, we identified two lines lacking aleurone cells,
both of which represented novel alleles of dek! as demonstrated
by crosses to heterozygous dekl plants carrying the dominant
gene for purple aleurone cells. In this genetic background, the
lack of aleurone cells is revealed by the white color of the mutant
grains (Fig. 14). In a subsequent analysis, we showed that only
one of the two alleles was tagged by the Robertson’s Mutator
(18). We therefore used this mutant, which we call dekI-muml,
to characterize the dekl mutant phenotype and to clone the dek1
gene. Similar to dekl alleles described (9, 10), mature homozy-
gous dekI-muml mutant grains lack aleurone cells, as apparent
from hand sections stained with Sudan red, a dye that detects the
characteristic oil bodies of aleurone cells (Fig. 1 B and C).
However, closer examination of sections of mature grains re-
vealed that the periphery of mutant endosperms contains cell
wall material similar to aleurone cell walls (data not shown).
To investigate the possibility that dekl-muml grains initiate
aleurone cell formation at an early stage and then subsequently
fail to maintain this cell fate as the grain matures, we sectioned
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developing grains and looked for aleurone cells. A typical
situation is shown in Fig. 1D, where many of the peripheral
endosperm cells have dark staining cytoplasm typical of wild-
type aleurone cells (Fig. 1E). To verify independently that these
cells are true aleurone cells, we crossed heterozygous dekl-
muml /+ plants with maize plants carrying the barley aleurone-
specific Ltp2 promoter fused to the Gus-reporter gene (19).
Homozygous dekl-muml grains harvested 15 DAP frequently
contained peripheral cells with aleurone cell morphology and
stained blue from Gus expression (Fig. 1F). From these exper-
iments we conclude that dekl-muml grains initially specify
aleurone cell fate, but lack the ability to maintain it as the grains
mature.

Similar to other dekl alleles (9), dek1-muml embryos arrest at
the juvenile globoid stage and are devoid of shoot structures
(Fig. 1G). dek1-mum1 endosperm develops normal transfer cells
(data not shown), so two of the four endosperm cell types are
unaffected by the dekl mutation.

Cloning of the Maize dek1 Gene. To identify the dekl gene,
cosegregation analysis (15) was performed with Mu probes on
DNA gel blots from plants derived from a cross between a
heterozygous dekl-muml/+ plant and the maize inbred line
B73. Hybridizations with a MuI-specific probe revealed a poly-
morphic fragment exclusively in the heterozygous plants (Fig.
2A). The cloned flanking sequence was used as a probe in a
population of 300 segregating individuals (Fig. 2B). No break of
linkage was observed between the polymorphic fragment and the
dekl-muml phenotype, indicating that the Mu element was
inserted either in the dek! gene itself or in a tightly linked locus.
Sequence analysis revealed that the DNA used as a probe is
positioned in exon 24 of a gene spanning 24,000 bp (GenBank
accession no. AY061804) (Fig. 34). The corresponding cDNA
was cloned and found to contain a 6,477-bp coding sequence
(GenBank accession no. AY061805) (Fig. 34). Sequencing of
this gene was assisted by comparison with the A. thaliana
orthologue, which shares a very high degree of sequence con-
servation with the maize gene, including an identical structure of
31 exons (GenBank accession no. AC027034, F7A10.23) (Fig.
3A). To verify independently the identity of the cloned gene as
dekl we analyzed the dekI-DR1129 allele. With PCR, we de-
tected a Mu8 insertion in exon 22 of dek1-DR1129 (Fig. 34). The
dek1-DR1129 mutant was used because reverse genetics screens
of the Trait Utility System in Corn population (12) failed to
detect additional Mu-tagged dek! alleles. From these analyses,
we conclude that the cloned gene represents maize dekl.

Maize and Arabidopsis dek1 Transcripts Are Present in Most Plant
Tissues. The dek! transcript is present at a low steady-state level
in both maize and Arabidopsis and is not reliably detected with
conventional RNA blotting methods. Analysis of dek! expres-
sion was therefore accomplished by massively parallel signature
sequencing (17) on microbead arrays from a total of 37 maize
and 11 Arabidopsis tissues (Fig. 2C). These experiments showed
the dek1 gene is expressed in most maize tissues at a level ranging
from 30 to 55 ppm. In endosperm, the transcript is elevated
during early developmental stages and declines near maturity. In
embryos, transcripts peak at middevelopment. Dissection of
embryos at middevelopment into their main components re-
vealed 4-fold higher expression in the embryonic axis, supporting
the proposed role for dekl in shoot formation (9). Elevated
transcript levels are also present in young pericarp and immature
ear tip and base. In A. thaliana, low levels of the dekl transcript
occur in young and germinating seeds (10 ppm), but the tran-
script was undetected in older seeds and seedlings. The highest
level of dekl transcript in A. thaliana is in seedling roots (67
ppm). Together, these results suggest dek! functions in diverse
developing tissues.
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Fig. 2. Cosegregation and expression analysis of dek7. (A) DNA blot from
heterozygous dek7-mum1/+ and homozygous +/+ plants digested with
Kpnl and probed with a Mu1-specific probe. The blot identifies a 3-kb band
cosegregating with the dek7-mum1 phenotype (arrow). (B) DNA blot from the
same segregating population as in A probed with dek7 ¢cDNA. (C) Massively
parallel signature-sequencing experiments measuring dek1 transcript abun-
dance in ppm in maize and Arabidopsis tissues. (D) Reverse transcription—PCR
analysis of the dek1 transcript in dek7-mum1 homozygous endosperms. Com-
binations with a Mu-TIR primer and a dek1-specific primer from the 5’ side
(lane 1) and the 3’ side (lane 2) of the MuT insertion site give bands of expected
sizes, showing the presence of Mu1 in the dek7-mum1 transcript. A combi-
nation of the two dek1-specific primers from both sides of the insertion site
(lane 3) fails to give a product, demonstrating the lack of wild-type dek1
transcript without Mu7 in dek7-mum1 homozygous mutant endosperm.
Lanes 4-6 contain control reactions with poly(A)* RNA from B73 endosperm
with use of the same primer combinations as in lanes 1-3, respectively.

By using reverse transcription—-PCR, the wild-type dek! tran-
script is detectable in diverse maize tissues in a spatial and
temporal pattern that is in full agreement with the results of the
massively parallel signature-sequencing analysis described above
(data not presented). When the same method is applied to
poly(A)* RNA extracted from dissected homozygous dekl-
muml endosperms, a Mul containing dek! transcript is detected
by using gene-specific primers from both sides of the Mu-
insertion site in combination with a Mu-TIR primer (Fig. 3 D and
A). No wild-type dek! transcript could be detected by using only
the gene-specific primers. On the basis of these results we
conclude that the transcriptional machinery is able to read
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Fig. 3.

dek1 gene and protein structure. (A) Intron-exon structure of maize and Arabidopsis dek1 genes. Exons are shown in gray. The dek7-mumf1 allele has

aMuT inserted between base pairs 18954 and 18955, dek7-DR1129 a Mu8-insertion between base pairs 17827 and 17828. (B) Alignment of predicted maize and
A. thaliana DEK1 proteins. Alignment with human calpain (H.s) domain Il and Il is shown (Lower). Similar and identical residues are shaded. Shades in grayscale

identify the sequence of the DEK1 domains shown in Fig. 4.

through the Mul element in the dekl-muml allele, and that this
extended transcript is stable enough to allow detection by reverse
transcription—-PCR. Based on the occurrence of several stop
codons in Mul in all frames, the dekl-muml homozygous
endosperm and embryos are expected to lack a functional DEK1
protein.

Maize DEK1 Is a Member of the Calpain Gene Superfamily. The
predicted maize DEKI1 protein (2,159 aa residues; Fig. 3B) was
identified as a member of the calpain gene superfamily by the
presence of a conserved cysteine proteinase domain (II), shared
by all calpains, and by domain III, found in most calpains (20)
(Figs. 3B and 44). In human m-calpain, domain III resembles the
C2 domain of Ca?*-regulated proteins (20). Conventional cal-
pains, typified by human m-calpain, are cytosolic enzymes
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activated by a rise in intracellular Ca?*, as well as by signaling
that includes the protein kinase C-, tyrosine kinase-, or adhesion
molecule-derived cascade (21). Upon activation, the enzyme
associates with proteins or phospholipids in the plasma mem-
brane and undergoes autolysis (21). The substrates of calpains
are typically part of signal transduction cascades, such as protein
kinase Cs (22, 23). Through these mechanisms, conventional
calpains fulfill essential functions in multiple developmental
pathways in animals (24, 25).

Despite its similarities, maize DEK1 deviates considerably
from conventional calpains (Fig. 44). DEK1 lacks domain IV,
which contains five calpain EF hands (26), and has both a novel
and extensive N terminus. This portion of DEK1 contains five
distinguishable domains (Fig. 3B). Domain A has predicted
endoplasmic reticulum and membrane targeting signals. Do-

PNAS | April 16,2002 | vol.99 | no.8 | 5463

DEVELOPMENTAL

BIOLOGY



A

Deki B B1 HECEEN 82 | ] T

m-calpain [ ]

Dm CG3692 BB ¢ KA @
20kDa

B

Fig. 4. Domain structure of DEK1. (A) Domain structure of maize DEK1,
m-calpain, and Drosophila CG3692 calpain. (B) Predicted maize DEK1 structure
showing the loop region on the outside of the cell and the cysteine proteinase
domain on the inside. The model is based on the TmHMM2.0 program (32).

mains Bl and B2 have eight and 13, respectively, predicted
transmembrane stretches. These regions are interrupted by a
predicted 300-aa loop region, domain C. Domain D is a hydro-
philic, charged region found between domains B2 and II (Figs.
4A and 3B). With respect to the membrane orientation of these
domains, it is important to note that all structural prediction
algorithms place the loop region of domain C on a side opposite
the domains distal to B2 (Fig. 4B).

dek1 Seems to be the Only Member of the Calpain Gene Superfamily
in Plants. The Arabidopsis DEK1 orthologue has a high level of
amino acid identity (70%) with the maize protein, the highest
sequence conservation occurring in domains II (88%) and III
(83%) (Fig. 3B). High identity is also present in the membrane-
spanning domains, B1 (72%) and B2 (64%). The lowest identity
is in domain C (57%). The predicted Drosophila melanogaster
calpain CG3692 (27) combines features of both conventional
calpains and DEKI, possessing domains II, III, and IV, and an
N-terminal extension similar to DEK1 (Fig. 44), which suggests
that membrane-embedded calpains are not exclusive to plants. In
contrast to the diversity of calpains found in animal systems (20),
however, we observe a stark contrast in plant systems, where
membrane-embedded calpains seem to be the only subtype
found. This conclusion is based on several observations, fore-
most among them our inability to detect any evidence of
alternate calpain types in searches of all available plant data-
bases, including the fully sequenced Arabidopsis genome and the
nearly completed sequence of the rice genome. Moreover, by
using probes from the most conserved part of the dekl cDNA,
no cross-hybridization on genomic DNA blots has been detected
in maize at low-stringency conditions. Instead, we only find
evidence in support of highly conserved, dek-like orthologues.
Examples range from a predictably close relative in rice (92%
identical; GenBank accession nos. AP004161 and AY062272) to
an intriguing clone from loblolly pine, a gymnosperm (79%
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identity; GenBank accession no. AW043258). This level of
identity in domain II seems diagnostic of DEK1 and distin-
guishes it from other cysteine proteinases in plants. In addition,
DEKI proteins have an unusually large number of highly con-
served transmembrane segments (Fig. 3B). The fully sequenced
Arabidopsis genome is predicted to encode more than 4,500
proteins with transmembrane segments. Of these, DEK1 has the
highest number of transmembrane domains for proteins with an
assigned function, a fact that underscores its unusual nature.

Discussion

The wild-type maize aleurone layer is strictly one cell layer thick
and is sometimes referred to as the epithelial layer of the
endosperm (Fig. 1C). As shown by Becraft et al. (4), the CR4
protein receptor-like kinase is implicated in aleurone cell fate
specification, homozygous cr4 endosperm lacking aleurone cells
in patches of variable sizes on the endosperm surface. This gene
functions cell-autonomously (28). dekl, also working cell auton-
omously in aleurone development, is required throughout en-
dosperm development for continued presence of aleurone cells
(10). As shown here for homozygous dekI-muml, mutant en-
dosperm initiate aleurone cell fate specification at a high fre-
quency, as shown by the presence of peripheral cells containing
the darkly stained cytoplasm diagnostic of aleurone cells. The
fact that at least some of these cells possess true aleurone cell
identity is shown here by activation of the barley aleurone
specific Lip2-promoter (Fig. 1F). In mature endosperm, aleu-
rone cells are almost completely lacking (Fig. 1 A-C). One
possible explanation for the presence of aleurone cells in young
endosperm could be reversion of the dek1-muml allele wild-type
dekl. We believe this explanation is unlikely for two reasons.
First, because of the high incident of aleurone cells in these
endosperms. Second, a high frequency of Mu reversions in the
endosperm at an early developmental stage would be highly
atypical for Mu, usually displaying a strong preference for
excisions at late developmental stages (29). An alternative
explanation for the presence of aleurone cells at early stages
could be partial function of the dekl-muml allele. We hold this
possibility to be unlikely both based on the lack of wild-type
transcript in mutant endosperm (Fig. 2D) and the presence of
several stop codons in all reading frames the dek!-muml tran-
script. Thus, even if translated, the DEKI1 protein would lack the
cytoplasmic domain. Instead, we favor an interpretation of these
data that the initiation of aleurone cell fate does not depend on
DEKI.

As proposed earlier, the CR4 (4) is a likely candidate for the
initiation of aleurone cell fate specification (5). On the basis of
the presence of the proposed external domain of CR4, it was
surprising to discover that DEKI1 also seems to be a membrane
protein with a putative external domain. However, in light of the
finding in other systems that precise cellular restriction of cell
fate determination usually involves multiple genes (30), we now
propose a model for aleurone cell development in which DEK1
plays a role in maintaining the aleurone cell fate specified at an
early developmental stage in the endosperm. On the basis of the
homology to calpains, we infer that DEK1 fulfills this function
by acting as a cysteine proteinase on a substrate in aleurone cell
signaling that is yet to be identified. In addition to the role of
maintaining aleurone cell fate, we propose that DEK1 serves to
restrict aleurone cell fate to the surface layer of the maize
endosperm. We speculate that this function is mediated through
interaction with molecules on the endosperm surface by the
membrane portion and extracellular domain of DEK1, leading to
activation of its cysteine proteinase activity.

Comparison of maize and Arabidopsis DEK1 reveals a high
degree of conservation, 70% overall identity, even though the
two plants represent the two main classes of flowering plants,
monocots and dicots, respectively. Even more striking is the
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finding that the high degree of similarity extends beyond flow-
ering plants and also includes gymnosperms such as loblolly pine.
Indeed, extensive searches in available databases strongly sug-
gest that DEK1 is the only calpain prototype found in plants, all
plants currently investigated containing a single copy of DEKI.
Clearly, the wide occurrence of DEKI, its highly conserved
structure, its presence in many plant tissues (Fig. 2D), and its
effect on maize embryogenesis in the form of a failure to
generate a proper embryo axis, strongly point to an important
role for DEKI1 in plant signal transduction.

In conclusion, DEK1 is a member of the calpain gene super-
family, containing a cysteine proteinase domain conserved
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among all members of this gene family. In addition, DEK1
contains a high number of transmembrane segments suggestive
of a complex three-dimensional structure capable of conveying
contact with the extracellular environment. We propose that
DEKI maintain and restrict aleurone cell fate to the outer
endosperm cell layer by activation of its cysteine proteinase
through interacting with the extracellular environment.
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