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Abstract

The gene family of subtilisin-like serine proteases (subtilases, SBTSs) in toinatopersicon esculentuMill.)

comprises at least 15 members, 12 of which have been characterized in this study. Sequence comparison revealed
that tomato subtilases fall into 5 distinct subfamilies. Single genes were shown to exisSBi1 LeSBTZand

tmp while 5 and 6 genes were found in theSBT3/4and P69 subfamilies, respectively. With the exception of

tmp tomato subtilase genes were found to lack introns. Expression of subtilase genes was confirmed at the mRNA
level by northern blot analysis and/or by primer extension experiments. For each of the 5 subtilase subfamilies,

a distinctive pattern of expression was observed in tomato organs. At least one of the subtilases was found to be
expressed in each organ analysed. Structural features evident from deduced amino acid sequences are discussed
with reference to the related mammalian proprotein convertases.

Introduction of proteases has been fuelled by the observation that
in animals, subtilases are involved in the maturation

Serine peptidases, i.e. proteolytic enzymes that de-©f Peptide hormones, neuropeptides, growth factors,
pend on a serine residue for catalytic activity, fall into and receptor proteins, and likewise in the processing
more than 20 families that can be grouped into six Of viral envelope proteins and bacterial toxins [3—
clans [1]. Three of them, the chymotrypsin, subtil- 5]. Mammalian subtilases, just like the yeast kex2
isin and carboxypeptidase C clans, share a commonProtease, characteristically cleave carboxy-terminal of
reaction mechanism based on the ‘catalytic triad’ com- Paired basic residues and they are collectively called
prising a serine, an aspartic acid, and a histidine Proprotein convertases (PCs, [6]). To date, seven hu-
residue. The protein folds of these enzymes, however, Man PCs are known many of which process identical
are quite different and constitute a striking example Substrates vitro at dibasic sequence motivés.vivo,
of convergent evolution. The subtilisin clan is the Nowever, they exhibit an exquisite specificity since
second largest and to date includes more than 170 prc)_the|r expression is tightly controlled both _spa}tlally and
teases (subtilases). The number of known subtilasesdevelopmentally [4]. In plants, there has initially been
is steadily growing: more than 100 have been dis- circumstantial evidence for the existence of PC-like
covered only since 1991 [1, 2]. Interest in this group proteases. In tomato plants, a protein has been identi-
fied that specifically interacts with the peptide wound
The nucleotide sequence data reported will appear in the Slgna|. SyStemm_' This pmt?m was four_]d to crossre-
EMBL and GenBank databases under the accession numbers@Ct With an antiserum against@rosophila PC [7].
AJ006378 (eSBT), AJO06379 (eSBT2, AJ006380 (eSBT}, Furthermore, tobacco plants overexpressing a virally
ALJ?S‘;‘%W 550361‘:32 AJSOé’?iSO /Soso%zg AJé’é’?jSl encoded antifungal toxin have been generated and in
(LeSBTAG, LeSBT4D, LeSBT4E, these plants the toxin was found to be secreted in the

AJ005171 P69Q, AJ006786 P69D), AJ005172 (P69E) and Ha o E !
AJO05173 P69P). correctly processed form. This finding points at the
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existence of a protease with PC-like specificity in the R=A/G, S=C/G, Y=C/T, and N=G/A/T/C). The hot-
secretory system of tobacco [8]. The first subtilase to start PCR (Tag-beads; Promega, Madison, WI) was
be cloned from a higher plant was cucumisin, an ex- performed for 12 cycles at an initial annealing tem-
tracellular protease highly abundant in melon fruit [9]. perature of 58 C which was then reduced by &
Further subtilase cDNAs have been cloned fridimus in each cycle, followed by 24 cycles at an annealing
glutinosa Arabidopsis thalianaand Lilium multiflo- temperature of 52C. Reaction products were cloned
rum[10, 11]. Three subtilases have been described in into the EcoRI site of pSKE). Products exhibiting
tomato two of which (P69A and P69B) seem to be sequence similarity with subtilases were used for li-
involved in pathogenesis [12, 13]. The third tomato brary screening resulting in the isolation béSBT1
subtilase (tmp) appears to function in microspore de- andLeSBT2
velopment [14]. The only plant subtilase that has The probe specific for thé*69 subfamily was
been characterized biochemically to some extent is generated by PCR using oligonucleotide primers
cucumisin. This protease was found to have a broad based on the published P69A cDNA sequence
substrate specificity and not to exhibit the preference [12]. Hot-start PCR was performed with tomato
for sequence motives of paired basic residues typically genomic DNA (150 ng) as template for 30 cy-
encountered in animal PCs [15, 16]. The substrates cles at an annealing temperature of 565 in or-
of plant subtilases and their processing sites have notder to amplify a 543 bp fragment correspond-
yet been identified and the function of these enzymesing to nucleotides 89-631 of the P69A cDNA
in plantais not clear. Therefore, at this time, itis (5 primer CGGAATTCTTTTGCTCTTTCCCATG-
unclear whether or not plant subtilases are proprotein GCC; 3 primer CGGAATTCAGTTGGTAAGAC-
convertases like their animal counterparts. CTGGCTCC). Reaction products were cloned into
We wish to learn more about the function of the EcoRl site of pSKE) and their identity was
subtilisin-like proteases in higher plants. This study, in confirmed by sequence analysis. Similarly, part
which we characterize the gene family encoding these of the tmp gene [14] corresponding to the third
proteases in tomato, is a first step towards this aim.  exon was amplified and cloned ’(rimer CG-
GAATTCCCTTGATGTTCTGCGGAAT; 3 primer
CGGAATTCCATGTCCATCAGCATCA).

Material and methods

Probes used in library screening Screening of genomic DNA and cDNA libraries

For the isolation oLeSBT3/4clones a partial cDONA  The procedure for the screening of lambda phage li-
was used as a probe that had been isolated serendipbraries, like all other molecular biological techniques,
itously from a tomato leaf cDNA and given to us by was adopted from [17, 18]. The genomic DNA Ili-
Dr D. Bergey (Montana State University). All other brary (Clontech, Palo Alto, CA) contained within
probes were generated by PCR (Cetus; Perkin Elmer,the BanHI cloning site of the EMBL3 vector par-
Foster City, CA). All PCR reactions were performed tially Mbol-restricted (12—23 kb) fragments of tomato
with tomato L. esculentunMill. cv. Castlemart I1) (L. esculentuncv. VFW8) genomic DNA. For each
genomic DNA as the template. The oligonucleotide probe, 12 x 10° phage were screened on nitrocel-
primers comprisedcaRl restriction sites to facilitate  lulose filters. Hybridization with radiolabelled DNA
cloning of the reaction products into the Bluescript probes (‘Prime-It’ system; Stratagene) was performed
pSK(-) vector (Stratagene; La Jolla, CA). Primer at 42°C in 50% formamide, & SSC (Ix SSC is
design was based on a sequence alignment betweerD.15 M NaCl, 0.015 M sodium citrate), 0.5% SDS 2
animal proprotein convertases and cucumisin from Denhardt’s solution (& Denhardt’s solution is 0.02%
Cucumis mel9]. The conserved regions surrounding Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine
the catalytically important His and Asn residues were serum albumin), 50 mM potassium phosphate buffer
chosen for the design of degenerate oligonucleotide (pH 7.0), and 20Qwg/ml of denatured salmon sperm
primers which were supplied by Microsynth (Balgach, DNA. Filters were washed in 0:2 SSC, 0.5% SDS
Switzerland; 5 primer CGGAATTCTCAAYGGN- at 60°C and were subsequently exposed to autoradi-
CAYGGNACNC; 3 primer CGGAATTCTTNSGNC- ographic film (Kodak X-Omat AR) using an intensify-
CNCCRTTNC, where mixed bases are represented bying screen. Two consecutive rounds of screening were
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performed to isolate individual positive lambda phage Primer extension experiments
clones.

The AZAP (Stratagene) cDNA library which was Primer extension experiments followed the procedure
used for the isolation of.eSBT4A had been con-  described by Ausubest al. [18]. Briefly, oligonu-
structed from poly(AJ-RNA isolated from leaves of cleotide primers were synthesized complementary to
transgenic tomato plants overexpressing the prosys-the nucleotide sequences at the translational start

temin gene [19]. The screening of52x 10° phage ~ Sités of LeSBT4A, 4B, and 4C (4A, GGGAAC-
was performed as described for the screening of the CAAATGTTTCTTGATCCCA; 4B, CCATAGCAC-

genomic DNA library. TACACAAAACACTTCC; 4C, TCACTACACAC-
CACTCAAATCTTCA) and were end-labelled using
Sequence analysis T4 polynucleotide kinase (Promega). Labelled primers

were purified by anion exchange chromatography and
Lambda phage DNA was isolated using a commercial after ethanol precipitation, they were hybridized to
system (Nucleobond AX, Macherey-Nagel, Oensin- 5 ;g of total RNA for 90 min at 65°C. Primer
gen, Switzerland). Sequence analysis was either per-extension was performed with M-ML V reverse tran-
formed on overlapping fragments of isolated lambda scriptase (Promega) at 4Z for 60 min. Extension
phage DNA after subcloning into Bluescript pSK)( products were separated on 9% polyacrylamide gels
or else, sequence data were obtained directly from in presence of 7 M urea. After fixation in 10% acetic
purified lambda DNA by ‘primer walking’. For the  acid/10% methanol, dried gels were analysed with
P69 subfamily, the latter strategy was employed. For a Phosphorimager (Molecular Dynamics). For size
the LeSBT3/4subfamily, a combination of both ap-  standards, sequencing reactions were performed us-
proaches was used while the first strategy was Useding the ‘fmol sequencing system’ according to the
for the sequencing of theeSBT1andLeSBT2genes. manufacturer’s instructions (Promega).
All sequences were determined both strands using
fluorescent dideoxy chain terminators in the cycle se-
guencing reaction (Perkin Elmer) and the Applied Results
Biosystems Model 373A DNA sequencer. Sequence
data were compiled and analysed with the Univer- Generation of probes and library screening
sity of Wisconsin GCG sequence analysis software

package [20]. Presently, two subtilases (SBTs) are known in tomato,

designated P69A and P69B. P69A was first identified
Southern and northern blot analyses as a 69 kDa pathogenesis-related protein in tomato
plants [22]. The P69A cDNA was cloned [12] and
Genomic DNA was isolated from tomato leaves [21], this subsequently led to the isolation of the related
digested with restriction enzymes as indicated, and P69B cDNA by Vera and co-workers [13]. Accord-
fragments were separated on 0.8% agarose gels.ing to these authors, P69A and P69B are members of
Processing of the gels and transfer onto nitrocellu- a small gene family in tomato [13]. In addition, the
lose membranes were done according to Sambrookgenomic sequence coding for a tomato subtilase can
et al. [17]. Prehybridization and hybridization con- be found in the EMBL nucleotide sequence database
ditions were as described above for library screen- (tmp, accession number U80583). This sequence is
ing. Filters were analysed with a Phosphorimager closely related to that of a subtilase in lily which ap-
(Molecular Dynamics, Sunnyvale, CA). RNA was iso- pears to be involved in microspore development [11,
lated from tomato leaves ground in liquid nitrogen 14]. Furthermore, indirect evidence has been obtained
using a phenol-based extraction procedure. In eachthat a subtilase may be involved in the regulation of
experiment, fiveug of total RNA were separated the wound response in tomato [7]. Considering these
on formaldehyde agarose gels, transferred onto nitro- results and the importance of subtilisin-like proteases
cellulose membranes and hybridized to radiolabelled in animal systems, we decided to analyse the genes
DNA probes using standard laboratory procedures for these proteases in tomato. For the screening of ge-
[17]. The specific activities of the probes used in RNA nomic and cDNA libraries molecular probes had to be
gel blot analyses were estimated to be within a factor generated. Based on the published sequencéspf
of two. Prehybridization, hybridization and evaluation and P69A, oligonucleotide primers were synthesized
of the gel blots were performed as described above. to amplify by PCR a fragment of tmp corresponding to
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Figure 1. A. Southern blot analysis of tomato genomic DNA. Fragments fropag5of restricted DNA were separated on agarose gels,
transferred to nitrocellulose membranes and hybridized to labelled DNA probes. Restriction enzymes were ad &fiBi@¢:Munl/Xba

(1), Ssp (2); LeSBT2 Spé (1), BsXI/Hindlll (2), BsiXI/Ndd (3); LeSBT3 Ssi/Ndd (1), Spd/Pad (2), Speé/Hindlll (3); LeSBT4 Ssp

(1), Munl/Xbd (2); P69, Pst (1), EcaRI (2); tmp, Ssp (1), Munl/Xbd (2). The positions of size standards (kb) are indicated. B. Schematic
representation of the sequenced regions of tomato genomic DNA. The sequenced parts of tomato subtilases are shown. Open boxes indicate the
open reading frames of the respective genes. The DNA fragments that were used as labelled probes in Southern analyses (A) are represented by
solid lines underneath. The shaded box adjacent ta&iBT4Dopen reading frame indicates that part of the sequence which resembles part

of a gypsy-like retrotransposon (see text). Ee6EBT1-3estriction sites are indicated for those enzymes that were used in Southern analyses

and that were relevant for the size prediction of labelled fragments on DNA gel blots (A; for details, see text).

the third exon, and a 543 bp fragment corresponding clones, respectively. The DNA inserts from individual
to nucleotides 89-631 of the P69A cDNA. Probing lambda clones were subcloned into the Bluescript vec-
of a genomic DNA gel blot with the labeled P69A tor and both strands of overlapping fragments were se-
DNA fragment confirmed the existence of numerous quenced. The two groups of clones were each derived
closely related genes in tomato (Figure 1A). The DNA from single-gene loci designatédSBTIandLeSBT2
fragment was then used to screen a genomic DNA li- respectively, which was confirmed by genomic DNA
brary of tomato .. esculentunMill. cv. VFW8) in a gel blot analysis (Figure 1A). A partial cDNA which
lambda phage vector (EMBL3,2 x 10° pfu) yield- appeared to encode another tomato subtilase was iso-
ing 59 positive clones. Nineteen clones were further lated serendipitously by D. Bergey (Montana State
characterized by sequence analysis and the genomidJniversity) and given to us as a gift. Screening of
sequences of 4 new subtilases could be identified a tomato leaf cDNA library using the partial cDNA
which were designated P69C—P69F. The sequence ofas a probe resulted in the isolation of two full-length
P69D, however, was found to be extremely similar to cDNAs designhatetdleSBT3 andLeSBT4A which had
that of the P69A cDNA (cf. Figure 3 and Table 1), and the capacity to encode subtilisin-like proteases. South-
these two sequences may in fact be derived from the ern blot analysis using th€eSBT4A cDNA as a
same gene. The few differences may be due to small probe indicated the presence of several closely re-
variations between the two tomato cultivars (VFW8 lated genes in the tomato genome (Figure 1A). By
and Rutgers) and/or sequencing errors. However, fully screening the tomato genomic DNA library, 33 posi-
identical P69D sequences were determined from threetive lambda phage clones were isolated. These clones
independent lambda phage clones. Thus, sequencingepresented at least 5 different genetic loci as revealed
errors in P69D are unlikely to be the cause of the by restriction and sequence analysis. The 5 genes
few differences between P69D and P69A. Southern were sequenced completely on the sense and antisense
blot analysis of tomato genomic DNA with thenp strands and were namé@SBT3and LeSBT4B4C,
fragment as a probe revealed that there is only one 4D, and4E. While 4 of these genes had the capacity
gene for this protease present in the haploid genometo encode subtilisin-like proteasé®SBT4Dappeared

of tomato (Figure 1A). Therefore, we did not attempt to be non-functional, as the open reading frame was
to isolate furthertmprelated clones. For the iden- found to be interrupted by a sequence resembling
tification of additional tomato subtilases, degenerate those of gypsy-like retrotransposons [23].
oligonucleotide primers were synthesized on the basis

of a sequence alignment between mammalian prohor-The newly identified subtilase genes do not contain
mone convertases and cucumisin, the latter being thejntrons

only sequence available for plant subtilases at that

time [9]. Two highly conserved regions surrounding Screening of tomato cDNA and genomic libraries led
the catalytically important histidine and asparagine to the identification of 12 new subtilases designated
residues (His-204 and Asn-307 of cucumisin) were LeSBT1-3, LeSBT4A-4E, and P69C-F (Figure 1B).
selected for primer design. Genomic DNA isolated Sequence analysis revealed for each gene, with the
from tomato leaves was used as template in the PCR. exception ofLeSBT4D an open reading frame with
Sequence analysis of cloned PCR products revealedthe capacity to code for a subtilisin-like protease. The
the presence of two distinct sequencast{andsbt?), relative positions of the open reading frames within the
both of which were related to cucumisin and bac- sequenced DNA regions are shown in figure 1B. With
terial subtilisins. Screening of the genomic lambda the notable exception dfeSBT4D(see above), the
phage library yielded 14sbtl) and 13 §btd positive open reading frames were not interrupted. Therefore,
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650 751 800
SBT1 YSTYKNGKT- TRYTRT: GNPATYKASV SSETQDVKIL VEPQTLTFSR KNEJKTYTVT
SBT2 YVHDNTYKS- LTLHJT GSPISNYHVV VSAFKGAVVK VEPERLNFTS KNOILSYKVT
p69A DTLNLANSE- OTYTRT GDAKSSYKVE VASPEALPSK LT-LRANFSS -DQELTYQUT
P69D DFLNLANSE- OTYTIRT GDAKSSYKVE VASPEGVAIE VEPSELNFSE LNQILTYQUT
PE9B DTLNLANSE- OTYTIRT GDATSSYKVE VASPEGVAIE VEPSELNFSE LNQISLTYQUT
P63C DTLNLASSE~ OTFIRT GDAKSSYTVQ IASPKGVVVK VKPRKLIFSE LKQELTYQVT
P69E DTLNLASSP- OTFTRT GDAKSSYTVQ IASPKGVVVK VKPRKLIFSE LKQILTYQUT
PESF A DTVNLANSE- QTYTT GDAKSSYKVE IVSPKGVVVK VEPSALNFST LNQISLTYQVI
SBT3 DPLDNTRKP- ORFKET GKGAATYKAK LKAPKNSTIS VSPQILVFKN KNH¥QSYTLT
SBTAA A NHLNSAQDE- QRFRET GKGGATYKVK IESPKNSTIS VSPQTLVFKN KNEEQSYTLT
SBTAC NHLNSAQEP- OKFRET GKDGATYEVK IESPKNSTIS VSPQTLVFKN KNHSQSYTLT
SBTAB NHLDSTOKP- OKFRET GKGGATYKVK IETPKNSTVS VSPRTLVFKG KNDRQSYNLT
SBTAE NHLNSAQKP— QKFRT GKGGATYKVQ TETPKNSIVS VSPRTLVFKE KNDFQSYTLS
SBT4D NHLDNTQNP-
tmp A DVTNGYSSTP RNVIRVE AGVDETYQVI VQEPLGVSVT VRPRVFNIIA KASE———HIT
Consensus =
651 700 801
SBT1 --IEDVATGM SSTPFDY| v gl YINFL@ALDY FTATSKPSGT TSF-ARLEW- 1AFSWT
SBT2 --LKDASSVT PSTPYDH] 4 YFEFL@TQEL FKTVSROKAP -EF-GSLIW- IAITWLASY
p69a --ILD-ERLL PADIYAI N, YVPYLEGLNY FSKTANSSNT EVIEGFLKW- IALLLIQ
P69D --ILD-ERLL PADIYAI N YVPYLISGLNY FSKTANSSNT EVIEGFLKW- IALLLIQ
p69B --ILD-ERLL PADIYAI INDig YVPYL®GLKY FSKTTNSSNP EVIEGFLKW- IAVVSA
P69C --ILD-ERLS PADIYAI N YLPYLOGLNY FSKRTNSSKS GVFEGFLKW- IAVEFALAT KYSD
P69E --ILD-ERLS PADIYAI INDS YLPYLEGLNY FSKRTNSSKS GVFEGFLKW- TAVEFALAT KYSDI
P69F --ILD-ERLI SADLFAM s YIPYLEGLNY FTKTTNISTT SDVEGFLKW- LAVRVSAE
SBT3 --IKDSDNNK AATPLOM Lo YUNLLIESLNF IRYIGDEGQS RNV-GSITWV IVTSPIIEV W
SBT4A --ITE-DDDM VASPLGI| LD ERWYDATPQD YINLIESLNF IRYRGDFNSG QT--GSITWV IVLTTTVDL WGAED
SBTAC --ITE-DDDM VASPLGI LDl ©&%IDATPOD YINLIWSLNF IRYRGDEKGG QD--GSITWV ITSTVDV WASEN
SBT4B --IRE-DDNM IATPLDI LDl GAWDATPOD YINLIWSMNF IRYIGDSDOS KNF-GSITWV IVISTIIEV WGSED
SBT4E --IRE-DDNF VATPLDI WINRELDY EAWDATPQD HINLIESMNF IRSIGDSDQS RNV-GSITWV IVISRIIDV WGSDD
SBT4D --IRR-DNNR VATPLEMES
tmp ILAQQTNQOLT PATPFDF SE LﬁSREIDE FKASFKH YVLFLESVPG FVLNATQTTN TYSFGEIVF- QGNQNH’IERV LAVFVSSTL H
Consensus P Pl
701 750
SBT1 SPSMIKVIAK RDISCDENKE YRVARJ#Y FSIPMETAWG EHADSSTPTV
SBT2 SPSQLMVFGK FSNRTCHHSL ANPGAY ISAVFP---= —=- EKTKLSM
p69A TNRQVGNLLQ RKVNCSEVKS ILEAGIEN FSI------- --- YDLGSTP
P69D TNRQVGNLLQ RKVNCSEVKS ILEAGIRY FSI- - ~YDLGSTP
p69B TDQOVGNLIQ RRVNCSEVKS ILEA FSI- --FGLGSTP
P69C TNSQVGKLLK RKVNCSEVES IPEA@BNYEES FCI- - -SRLGSTP
P69E TNSQVGKLLK RKVNCSEVES IPEAQRNYES FCI- - -SRLGSTP
P69F TNREVGKVLQ RKVNCSEVKR IPEG@I®NY)3S FSI------- ---- RLGSTP
SBT3 TEEQFKTIAR SSAS-HNCSN -PSA FIALY--SI- --EGNFTLLE
SBT4A TEEQFKTFAR SSANYHNCSN -PSA FIAFYSYSQ- --EGNYPWLE
SBT4C TEEQFKTFAR SSANYHNCSN -PSA FIAFYSYSQ- --AGNYPWLE
SBT4B TEEQFKTFAR SSANYNNCSN -PSA FIALYPFSL- --EGNFTWLE
SBT4E TEEQFKTFAR SSASYDNCSN -PSA FIALYPFSL- --EENFTWLE
SBT4D
tmp VDE-MSVRRA VGVGCPSKKK AWCSEYTES VTI------- ---- SNLVGS
Consensus L P

Figure 2. Sequence alignment of tomato subtilases. An alignment of amino acid sequences deduced from tomato subtilase genomic and cDNA
sequences is shown. The alignment was created with the program MultAlin [36] on the ExPaSy server (http://expasy.hcuge.ch). The arrow
indicates the putative N-termini of the mature enzymes; asterisks indicate active site residues. Conservative replacements and residues identica
in at least 90% of the sequences are highlighted. The consensus line shows only those residues that are identical in more than 90% of the
sequences.

these genes do not appear to contain any introns. ForPrimary structure of tomato subtilases
those genes, where gene-specific probes were avail-
able (eSBT1-§ the lack of introns was confirmed The amino acid sequences deduced from the open
by Southern blot analysis. Based on the sequencefeading frames ofLeSBT1-3 LeSBT4A-4Eand
data obtained, the restriction enzymes for Southern P69C—F are shown in Figure 2 and are compared
analysis were chosen in a way that allowed to pre- 0 those ofP69A P69B and tmp which had been
dict the pattern of bands on the DNA gel blot. The Published previously [12-14]. All tomato subtilases
restriction enzymes employed, as well as the relative appear to be coded for as preproproteins. At the N-
positions of the DNA fragments that were used as terminus, a stretch of hydrophobic amino acids is
probes are indicated in Figure 1B. The corresponding found which is typically encountered in signal pep-
DNA gel blots are shown in Figure 1A. The sizes of tides responsible for targeting the protein to the se-
the DNA fragments generated froneSBT1—3vhich cretory system. In subtilases, the signal peptide is
hybridized to the labeled probes were consistent with characteristically followed by a propeptide which may
the prediction based on the sequence data (Figure 1B)a|d in fOldlng of the prOtEin and/or act as an intramole-
and thus confirmed the absence of introns from these cular inhibitor of enzymatic activity [24, 25]. For
genes. Therefore, th'_mp gene appears to be the 0n|y P69A, the N-terminus of the mature protease has been
subtilase gene in tomato that contains introns. determined and thus, the site of propeptide processing
could be deduced [12]. Processing occurred amino-
terminal of a pair of threonine residues (Thr-115 and
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Figure 3. Phylogenetic relationship of tomato subtilases. The un-
rooted phylogenetic tree was created from the amino acid se-
quences deduced from tomato subtilase genomic DNA and cDNA — LeBRT4
sequences using the computational biochemistry research group
(CBRG) server at the Swiss Federal Institute of Technology Zurich

(http:/icbrg.inf.ethz.ch). Numbers indicate the PAM distances (ac-

cepted point mutations per 100 residues) between sequences. A 1%

mutation matrix was used [37]. The sequence&BT4D, which Ped
is truncated due to the insertion of a retrotransposon-like sequence,
was not included in the analysis.

— imp

Thr-116 in P69A) which was also observed in cu-
cumisin [9]. This pair of threonine residues is con- Figure 4. Expression of tomato subtilases in tomato organs. Total
served among all tomato subtilases (Figure 2) and RNA isolated from different organs of tomato plants (§) was

. . S subjected to electrophoresis through formaldehyde/agarose gels and
therefore, the site of propeptlde processing Is “k_ely to analyzed on gel blots using radiolabeled DNA probes. The probes
be the same for all these enzymes. The Asp, His, and ysed forLeSBT1-3nd tmp were specific for the mRNAs of the
Ser residues, which form the catalytic triad of subti- corresponding genes, while the probes used forlt#®BT4and
lases, as well as the catalytically important Asn, which P69 subfamilies did not discriminate between individual members
. ’ . o . in each subfamily.
is responsible for the stabilization of the transition ! ublamily
state oxyanion, are conserved among tomato subti-

lases (Figure 2). Plant subtilases, in contrast to thosesequences (Table 1) shows that within a subfamily,

of animal and prokaryotic origin, possess a large in- sybtilase sequences are between 79 and 98% identical.

sertion between the stabilizing Asn and the catalytical Sequence identity between subfamilies was found to

Ser residues [1]. This was also observed for all tomato range from 34 to 54%. The tmp protease is the one

subtilases, where these two residues are separated byyhich is most distantly related to all others which is

220-248 amino acids as opposed to 60—-80 amino acidsconsistent with the observation that thepgene is the

found in mammalian and bacterial subtilases. only intron-containing subtilase gene in tomato thus
A phylogenetic tree based on the sequence align- far analysed.

ment of tomato subtilases (Figure 3) reveals that these

enzymes fall into five distinct subfamilies in tomato Expression of tomato subtilases

plants. There are single genes t®@SBT1, LeSBT2

and tmp and numerous genes within theSBT3/4 The expression of subtilases in different organs of

and P69 subfamilies. Within theeSBT3/4 group, tomato plants was analysed by northern blot analy-

LeSBT4A—4E seem to be more closely related to sis (Figure 4). Gene-specific probes were used for

each other than taeSBT3. These results are con- LeSBT1-3 and tmp. The expression of tmp was hardly

sistent with those obtained in Southern blot analyses detectable in the organs analysed. This finding was

(Figure 1A). A pairwise comparison of amino acid not surprising, since the closely related protease LIM9
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Table 1. Comparison of tomato subtilase sequences. The amino acid sequences deduced from tomato subtilase genomic DNA and
cDNA sequences were subjected to pairwise comparison using the program GAP of the GCG package. The degree of sequence identity

is given as a percentage. Shaded areas of the table emphasize the high degree of sequence identity observedes&#iia/thand
P69 subfamilies.

SBT2 | SBT3 | SBT4A | SBT4B | SBT4C| SBT4E | P69A | P69B | P69C | P69D | PEOE | PGOF | tmp
SBTI | 54 41 39 39 39 39 45 46 44 46 4 | 46 34
SBT2 41 39 39 39 39 43 43 44 44 44 | 44 36
SBT3 80 84 | s0 82 39 40 40 40 40 | 4 36
T
SBT4A 81 94 81 39 38 39 40 40 39 34
SBT4B st | s 39 39 40 40 40 40 35
SBTAC 85 38 39 38 39 39 39 35
SBT4E 38 39 38 39 40 40 34
| oA 86 82 98 8 | 81 37
| Poon 85 88 84 80 37
P69C 83 92 79 36
P69D 84 82 38
P69E 80 37
P6OF 36

was shown to be expressed only in certain stages ofclear from these data which members of theSBT4
pollen developmentin tapetal cells of lily flowers [11]. subfamily are actually expressed and to what extent
LeSBT1-3 each showed a very distinct pattern of ex- individual members contribute to the expression pat-
pression. While th&.eSBT3 transcript was found to  tern observed during northern blot analysis (Figure 4).
be present in all organs analysed, being most abundantTo confirm the expression of individual members of
in roots and cultured cells, a more restricted pattern the LeSBT4 subfamily, primer extension experiments
of expression was observed foeSBT1 andLeSBT2. were performed using oligonucleotide primers that
ThelLeSBT Iranscript was not detectable in green tis- each hybridized to only one of theeSBT4 subtilases.
sues, while that foteSBT2 was absent from flowers For LeSBT4C a single primer extension product was
and roots. The expression levels of these three sub-generated in preparations of total RNA from tomato
tilases seem to complement each other, in that the leaves, cotyledons and flowers but not of RNA isolated
messages fdreSBT1-3 add up to comparable levels from roots (data not shown). This result is consistent
within the organs analysed. The RNA gel blot for the with the LeSBT4 expression pattern observed during
LeSBT4 subfamily (Figure 4) reveals an expression RNA gel blot analysis (Figure 4). FareSBT4A and
pattern complementary to that 6ESBT3: LeSBT4 4B, a primer extension product was generated from
transcript levels were found to be high in those organs leaf RNA, confirming expression of these proteases in
whereLeSB3 expression was low. The probe used for tomato leaf tissue. The transcriptional start sites were
LeSBT4 corresponded to a 380 bp fragment of the 3 determined to be 143, 118, and 133 bp upstream of
end of theLeSBT4A cDNA. However, the probe was the ATG start codons ofeSBT4A, 4B, and 4C, re-
not specific folL,eSBT4A, but cross-hybridizedwithat  spectively (data not shown). For the P69 subfamily,
least one other subtilase of theSBT4 subfamily as  the probe used in northern blot analysis was the same
revealed by Southern blot analysis (data not shown). that had previously been used for library screening.
Gene-specific probes have not been generated for sub-Hence, this probe hybridized to all members of the P69
tilases of the LeSBT4 subgroup. Therefore, it is not subfamily analyzed in this study. Low levels of P69
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MRNAs were detectable in all organs analysed, being and developmental stages contributes to itheivo
least abundant in flowers. To what extent individual substrate specificity of these enzymes. It has been
members of the P69 subfamily contributed to this ex- shownin vitro and by co-expression studies that many
pression pattern has not been further investigated. ThePCs are able to cleave common substrate proteins at
observed pattern of P69 expression (Figure 4) is con- oligobasic sequence motifs [4, Sh vivo, however,
sistent with results obtained by Vera and co-workers the range of substrates is much more restricted to those
who found low levels of P69A and P69B expression in protein precursors that are colocalized with the respec-
roots, stems and leaves of healthy tomato plants. Thesetive protease in the same cell type at the same time
authors found both mRNAs to be induced to very high in development [4, 27]. The regulated expression of
levels in the leaves and stems of viroid infected tomato tomato subtilases indicates that a similar situation may
plants [12, 13]. exist in tomato plants.
The available information on the function of plant

subtilases is scant. In only a single case has a sub-
Discussion strate been identifieéh vivo. LRP, a leucine-rich-

repeat-containing tomato protein, has been shown to

The gene family of subtilases comprises a minimum be processed by P69 in diseased tomato plants [28].
of 15 members in tomato plants, twelve of which The functional significance of this processing event
have been isolated in this study. Based on sequencelS unknown, however. Indirect evidence has been ob-
similarity, the 15 subtilases can be grouped into 5 tained that in tomato a subtilase may be involved in
subfamilies. Single genes exist fbeSBT1,LeSBT2  the processing of the wound signaling peptide sys-
and tmp, while 5 and 6 members were found in the temin which implicates the respective protease in the
LeSBT3/4 and P69 subfamilies, respectively. Addi- regulation of the wound response [7]. Clearly, the
tional genes are likely to exist in both multi-membered identification of thein vivo substrates, which will help
subfamilies since the analysis of genomic clones was t0 understand the function of plant subtilases, is one
not saturating: the genes corresponding to the P69B of the major challenges for the future. We plan to ap-
andLeSBT4A cDNAs have not been isolated. Further- Proach this problem by overexpression and antisense
more, the existence of additional distantly related sub- suppression of these proteases in transgenic tomato
families cannot be excluded. Therefore, subtilisin-like Plants.
proteases Comprise a |arge fami|y in tomato p|ants‘ Tomato subtilases share a multi-domain structure
The complexity of this family of plant proteases ex- With mammalian PCs and other subtilases [1]. The pri-
ceeds that of mammalian subtilases with presently mary structure features an N-terminal signal peptide
seven known proprotein convertases (PCs; [26]). responsible for targeting of the nascent polypeptide
Northern blot analysis and/or primer extension ex- chain to the lumen of the endoplasmic reticulum.
periments revealed that most if not all of the tomato The signal peptide is followed by a prodomain which
subtilase genes are expressed_ Expression was foundﬂas been shown in subtilisin and other subtilases to
to be organ-specific with at least one of the subtilases be essential for proper folding of the enzyme [29,
being expressed in each organ analysed. In addition to30]. In many subtilases, the prodomain is cleaved in
the organ-specific expression, tomato subtilase genean intra-molecular reaction. Nevertheless, the mature
expression has been shown to be regulated developProtease is not released, but the propeptide remains
mentally as well as by environmental cues. Expression non-covalently bound to the enzyme as a competitive
of P69A and P69B was shown to be induced in viroid- inhibitor of enzymatic activity. In a second intra-
infected tomato plants [12, 13], while tmp was found Mmolecular reaction, the prodomain is cleaved again
to be expressed only in anthers at a specific stage of(degraded) and the mature enzyme is released [31].
pollen development [14]. The same has been observedHence, the amino acid sequence at the junction be-
for the LIM9 protease in lily flowers [11]. Further- tween prodomain and mature enzyme resembles that
more, inCucumis mel@ucumisin was reported to be of other substrates of the protease. In mammalian PCs,
highly abundant in the fruit [9], and a subtilaseAh a cluster of basic amino acids is found at the do-
nus g|utinosa\/as foundto be expressed at ear]y stages main junction which reflects the substrate Specificity
of nodule development [10]. In animals, PCs are ex- Of these subtilases for oligobasic cleavage sites. As
pressed in a highly tissue-specific manner as well [4]. far as plant subtilases are concerned, the N-termini
The restriction of PC expression to certain cell types Of the mature enzymes have been determined for cu-
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cumisin [9], for P69A [12] and for LIM9 [11]. In need for rapid DNA replication [34]. Alternatively, the
these proteins, the N-termini of the mature enzymes need for gene expression under conditions in which
are highly conserved, starting with 2 invariable thre- the splicing machinery is impaired may provide the
onine residues. Sequence conservation in this regionselective pressure for intron loss. It will be interesting
extends to all tomato subtilases (Figure 2) and it seemsso see if such circumstances exist — for example in dis-
likely, therefore, that in tomato subtilase zymogens as eased tomato plants or under certain stress conditions
well, processing of the prodomain occurs at this site. —when subtilase gene expression is required. The re-
It is not known whether in plant subtilases process- tention of introns in theémp gene, on the other hand,
ing of the prodomain is an intra-molecular event as may point to some functional significance of these in-
it is in many other subtilases. If this were the case, trons. It has been shown israbidopsisthat introns

the sequence at the processing site would be expectednay be operative at the post-transcriptional level in
to reflect the substrate specificity of the respective en- enhancing gene expression [35].

zyme. Only in tmp, an oligobasic sequence (KMKK)

is found in proximity (positions-2 to —5) of the pu-

tative processing site (cf. Figure 2). Hence, tmp may Acknowledgements

resemble mammalian PCs in its substrate specificity.
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cf. Figure 2) are rather well conserved. In the light of

the above argument one might expect these proteases
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