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Serine proteases of the subtilase family 
are present in Archaea, Bacteria and 

Eukarya. Many more subtilases are found 
in plants as compared to other organ-
isms, implying adaptive significance for 
the expansion of the subtilase gene family 
in plants. Structural data, however, were 
hitherto available only for non-plant subti-
lases. We recently solved the first structure 
of a plant subtilase, SlSBT3 from tomato 
(Solanum lycopersicum). SlSBT3 is a mul-
tidomain enzyme displaying a subtilisin, a 
Protease-Associated (PA) and a fibronectin 
(Fn) III-like domain. Two prominent fea-
tures set SlSBT3 apart from other struc-
turally elucidated subtilases: (i) activation 
by PA domain-mediated homo-dimeriza-
tion and (ii) calcium-independent activ-
ity and thermostability. To address the 
question whether these characteristics are 
unique features of SlSBT3, or else, general 
properties of plant subtilases, homology 
models were calculated for representative 
proteases from tomato and Arabidopsis 
using the SlSBT3 structure as template. 
We found the major structural elements 
required for the stabilization of the sub-
tilisin domain to be conserved among all 
enzymes analyzed. PA domain-mediated 
dimerization as an auto-regulatory mech-
anism of enzyme activation, on the other 
hand, appears to be operating in only a 
subset of the analyzed subtilases.

Subtilases constitute the second largest 
family of serine peptidases, both in terms 
of number of sequences and characterized 
enzymes (merops.sanger.ac.uk/).1 The func-
tion of subtilases ranges from the non-selec-
tive degradation of proteins by e.g., subtilisin 
Carlsberg in Bacillus licheniformis, to the 
highly specific maturation of peptide hor-
mones and processing of protein precursors 

by e.g., kexin in Saccharomyces cerevisiae 
and proprotein convertases in mammals. In 
higher plants, subtilases are represented by 
large gene families comprising 56 members 
in Arabidopsis thaliana and 63 in rice.2,3 The 
expansion of the subtilase family in plants 
as compared to animals has apparently been 
accompanied by the acquisition of novel 
physiological roles that are plant-specific. 
Plant subtilases were shown to be involved 
in stomata and seed development,4,5 in the 
maintenance of the shoot apical meristem 
and the cell wall,6,7 in the processing of 
peptide growth factors,8,9 and in responses 
to the biotic and abiotic environment.10,11 
To address the question whether the adop-
tion of specific roles in plant physiology is 
reflected in unique structural or biochemi-
cal features that distinguish subtilases in 
plants from those in other organisms, we 
recently characterized the subtilase SlSBT3 
from tomato12 and solved its structure by 
X-ray crystallography.13,14

SlSBT3 is an extracellular 79 kDa gly-
coprotein that exhibits a remarkable level 
of stability at elevated temperatures and 
alkaline pH.12 Like most other subtilases, 
SlSBT3 is synthesized as a pre-pro-protein 
and targeted for secretion by an N-terminal 
signal peptide. Maturation of SlSBT3 
involves cleavage of its prodomain, which 
is a prerequisite for passage through the 
secretory pathway.12 Mature SlSBT3 fea-
tures a protease-associated (PA) domain as 
a large insertion between the His and Ser 
active site residues of the protease domain 
and a fibronectin (Fn) III-like domain as 
C-terminal extension.14 This domain archi-
tecture (Fig. 1A) is shared with the majority 
of plant subtilases (e.g., 54 of the 56 sub-
tilases in Arabidopsis). Unlike other struc-
turally elucidated subtilases from bacteria, 
fungi and animals, SlSBT3 was found to 
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Structural Conservation among 
Plant Subtilases

The 56-membered subtilase gene fam-
ily in Arabidopsis comprises six subfami-
lies, AtSBT1 to AtSBT6. The AtSBT6 
subfamily had to be excluded from our 

subtilases from Arabidopsis and tomato to 
investigate whether PA domain-mediated 
homo-dimerization and calcium-indepen-
dent thermostability are unique features of 
the SlSBT3 structure, or whether they can 
serve as a first paradigm for the structural 
biology of plant subtilases in general.

be free of Ca2+ in its native state and inde-
pendent of Ca2+ with respect to activity 
and thermostability. The ability of SlSBT3 
to form homodimers is also unique and 
appears to be critical for enzyme activity 
and stability.14 For this addendum, we cal-
culated homology models for representative 

Figure 1. Structural comparison of plant subtilases. (A) Domain architecture of SlSBT3. In addition to the domain borders the three residues consti-
tuting the active site are displayed. (B) Structure of the SlSBT3 monomer. Color coding of the domains is like in (A). The bound chloromethylketone 
(cmk)-inhibitor is shown as ball model in yellow (carbon), red (oxygen) and blue (nitrogen). (C) Functional homodimer of SlSBT3. The region of the 
direct contact between the two PA domains (gold, purple) is highlighted. In this and all the following panels, a sequence alignment of the relevant regions 
in SlSBT3 and the modeled subtilases is shown on the right. The sequences highlighted in color were included in the structural alignment on the left. (D) 
Structure of the partially conserved β-hairpin. (E) Structure of the region corresponding to the conserved calcium-binding site 1 (Ca-1) in thermitase 
(yellow sticks, PDB code: 1THM). (F) Functional substitution of the conserved Ca-2 (white sticks, PDB code 1S2N) site by a lysine side chain in plant sub-
tilases. (G) Structure of the region corresponding to the less conserved Ca-3 site in thermitase (yellow sticks, PDB code: 1THM). For details, see text.
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thermitase), an additional, elongated loop 
spanning residues 230–239 (Fig. 1E) con-
fers extra stability in SlSBT3. This loop is 
perfectly conserved among the seven plant 
subtilases analyzed in this study. The back-
bone geometry of the second highly con-
served Ca2+ binding site (Ca2) in SlSBT3 
resembles that of known Ca2+-dependent 
subtilases. The function of the bound cal-
cium ion, however, is mimicked by the 
positively charged side chain of Lys498. 
This region including the stabilizing lysine 
residue is also highly conserved in all plant 
subtilases studied (Fig. 1F). The region of 
the third, less conserved Ca2+ site is sta-
bilized in SlSBT3 by an elongated loop 
with a short helical segment (Fig. 1G). 
These additional structural features are 
also present in AtSBT1.1, AtSBT2.4 and 
AtSBT3.5 but not in P69B, AtSBT4.15 
and AtSBT5.4, which is consistent with 
the lower degree of conservation of Ca3 
compared to Ca1 and Ca2 in non-plant 
subtilases. We conclude that plant subti-
lases, like those in other organisms, rely on 
structural elements for the stabilization of 
the subtilisin domain. In contrast to sub-
tilases from bacteria, fungi and animals, 
however, stabilization is independent of 
calcium binding.
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to obstruct the active site of the mono-
meric enzyme. Upon homo-dimerization, 
this β-hairpin is immobilized by intimate 
binding to the PA domain of the second 
protomer, its auto-inhibitory activity is 
relieved, and SlSBT3 is activated.14 While 
allosteric regulation is a common theme 
in proteases,19 a regulatory role for the PA 
domain has not been described in other 
proteases and the auto-inhibitory β-hairpin 
is not found in subtilases from bacte-
ria, fungi and animals. We show here by 
homology modeling that the β-hairpin is 
present in most of the studied Arabidopsis 
subtilases (AtSBT1.1, AtSBT2.4, 
AtSBT4.15, AtSBT5.4; Fig. 1D). SlSBT3’s 
auto-regulatory mechanism involving PA 
domain-mediated homo-dimerization and 
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comitant with enzyme activation, is thus 
likely to be widespread among plant sub-
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AtSBT3.5 the hairpin is missing entirely, 
and in tomato P69B it is replaced by a loop 
which is considerably shorter and lacks 
secondary structure elements (Fig. 1D). 
The regulation of proteolytic activity, if 
any, must be accomplished by different 
means in these two and other related sub-
tilases. A different auto-regulatory mecha-
nism has in fact been identified in SlSBT1 
from tomato. This subtilase possesses an 
amino-terminal auto-inhibitory region of 
21 amino acids, which is cleaved off in 
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Hence, thermostability in SlSBT3 must 
be achieved by mechanisms independent 
from Ca2+ binding.

In the region corresponding to the 
highly conserved Ca1 site (in for example 

comparison because its two members 
are only distantly related to SlSBT3 and 
could not be modeled reliably on basis of 
the SlSBT3 structure. One representative 
was selected from each of the other sub-
families including AtSBT1.1 (At1g01900; 
involved in the maturation of phytosulfok-
ines8), AtSBT2.4 (At1g62340; required 
for epidermal differentiation15), AtSBT3.5 
(At1g32940; function unknown), 
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the clavata signaling pathway for restric-
tion of the stem cell niche in the apical 
meristem6). Also included was the subti-
lase P69 from tomato (accession number 
Y17276) which attracted considerable 
interest because of it’s role in plant patho-
gen interactions.10-17 The deduced amino 
acid sequence were used to build homol-
ogy models employing MODELLER 
9v7.18 Subsequently, the resulting models 
were compared to the structure of SlSBT3 
and to each other by visual inspections 
with PYMOL (www.pymol.org).
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