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Proteases are an integral part of plant defense systems, with several hubs of action, from pathogen recognition
and priming to the activation of plant hypersensitive response. Within this wide group of proteolytic enzymes,
aspartic proteases have been implicated in several plant development functions and are gaining more prominence

due to their involvement in plant—pathogen interactions.

Plant Aspartic Proteases

| 1. The Past and the Present of Aspartic Proteases

Aspartic proteases (APs) were first discovered in animals during the nineteenth century. In 1836, Theodor
Schwann described pepsin, which he identified during the study of animal gastric juices LI, Later, in 1875, a pepsin-
like proteinase was described in the pitcher plant (Nepenthes) after treatment of the plants’ digestive juice with
sulfuric acid [&. Almost a century after the discovery of the first AP, in 1930, the purification and crystallization of
swine pepsin by John Northrop provided a substantial evidence that proteases were proteins. In the following
years, other proteases were crystallized and studied, including chymotrypsin, trypsin, and pepsinogen?. The
conversion of pepsinogen to the active form of pepsin is an autocatalytic process that occurs at a low pH (1.5-5).
Based on these findings, in 1962, the first step was taken towards the study of acidic proteinases. In 1970, the
discovery of pepstatin®, a powerful inhibitor of aspartic proteases, encouraged its use as an immobilized
compound for affinity purification of these proteases W&l A major breakthrough occurred in 1972, when the
complete amino acid sequence of the pig pepsin was uncovered. Later, in the 1980s, the current terminology of
the aspartic (or aspartyl) proteases was established, resulting from the observation that the carboxyl groups

belonging to aspartate residues were involved in the catalytic process 12,

Although most studies about APs were performed in mammals, yeast, and fungi, some work has been developed
in plantsitll, Plant APs were purified from the seeds of many organisms, such as Oryza sativa 12, Cucurbita
maximalld, Cucumis sativus 23, Triticum aestivum 24 and Hordeum vulgarelld, as well as from Lycopersicon
esculentum leaves 1€l |n 1991, the DNA sequence of the first plant aspartic protease, from barley (Hordeurn
vulgare), was sequenced 7. In the following years, APs from other organisms, including one from Arabidopsis

thaliana, were isolated, providing more information about plant APs’ structurelZ.

According to the MEROPS database (http://www.merops.ac.uk), aspartic proteases (EC 3.4.23) are grouped into
16 families, based on similarities of the amino acid sequences of the catalytic site. These families are clustered into

five different clans that reflect a common evolutionary origin and similar tertiary structure 18 Plant aspartic
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proteases are distributed among 12 of the 16 families: A1, A2, A3, A9, Al11, A28, and A32 of clan AA; families A22
and A24 of clan AD; family A8 and A31 of clan AC and AE, respectively; and family A36 which has not yet been
assigned to a clan2. A majority of plant APs belong to A1 family22,

In 2004, with the completion of Arabidopsis genome, new perspectives have risen regarding plant APs’ diversity
(21, The first plant aspartic protease gene family to be described belonged to Arabidopsis with 51 known genes!22,
In the following years, plant APs have been found in increasing numbers28l with 96 OsAP genes in rice (Oryza
sativa)24, 50 VAP genes in grapevine (Vitis vinifera)22, and 67 PtAP genes identified in black cottonwood

(Populus trichocarpa)28,

So far, it is known that plant APs are involved in several cell mechanisms, from developmental processes/2711281129]
to abioticlBUB2IBEL gnd biotic stress responses!33341E3] Major milestones concerning aspartic proteases’ history

and relation to pathogen resistance are presented in Figure 1.

Purtcston and T ezemon SN gl b ok
P st rpnaann of PR — ol & bariey AP e e o
| mhn-h‘:dﬁ g Dusisrrasy of of W RN ey ol P g -t wﬂ::;rﬁ-n P iy
(ehmarn, 183 el ey Mawsnp, 1000 Fapazatn ey ol WP By tomato AP T ion i g T 40, 200
w178} sarbes 10T [Pt o a1 v i il , SO0
ik, S, S Fieoaie o) Fiian o) i) Folii)
l'l. -l l- 1478 ‘l l. ‘I I- e l..' 3 Wi . " l. 1“1‘1 1. .l .I. .I
.......... ‘ . - L,
o s, - "e Foiio o " il o &y SR, i ]
e - - 018 3= L 0T = Dl - I - M0 = - 2009 + 3004 I
b % . ; % ; oo L 7 % i kS s
o .
* Potaio P8 0 ' ALD ! poouTuiston . Araerokial el . ]
iy Aratiopma AP temd
Chpietiten sl ARDGRS TR upog pssesal o pase Cnommmon s O ctraiond | (Farn b el 2081
B gty “ia f onena ey Wialadiebai ] i 300X SR R Ay Featig-8 g ot
ol 2013 " h L
(Canatal Z0i (AL 00 Lo, 20 Cowe P e potc AP sgon
shoerdpstegs APE] sl P e wleron
A1 § e roguiited sy i . swaon rfecion [
won il s CRON o o, S04 &7 RA wRsan
) L it i B, 2610}
i o, 350

Figure 1. Aspartic proteases historical breakthroughs. AP, aspartic protease; CDR1, constitutive disease resistance
1; PSI, plant-specific insert; AP13, aspartic protease 13; SA, salicylic acid; AED1, apoplastic enhanced disease
susceptibility 1; APCB1, aspartyl protease cleaving bcl-2 associated athanogene; BAG6, BCL-2 associated

athanogene protein 6; SA, salicylic acid; JA, jasmonic acid; MeJA, methyl jasmonate.

| 2. The Features of Plant Aspartic Proteases
2.1. Structure and Classification

In the past years, with the study of phytepsin (AP from barley seeds) and cardosin (AP from the flowers of Cynara
cardunculus), relevant information has been generated about plant aspartic proteases [2238137 plant APs, mostly

belonging to family Al, are generally active at acid pH (pH 2-6), are specifically inhibited by pepstatin A, and
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comprise two aspartic acid residues essential for the catalytic activity22B38], The catalytic motifs of plant aspartic
proteases from Al family are usually Asp-Thr-Gly (DTG) or Asp-Ser-Gly (DSG)2Y. Although the general structure
of the plant APs has similarities to that of mammals and microorganisms, plant APs contain a plant-specific insert
(PSI) in the C-terminal region .

Most of the knowledge about Al family plant APs comes from the study of typical APs, such as phytepsin and
cardosin A and B [29. Typical APs possess a signal peptide, a prosegment, and a PSI, and the catalytic site is

composed by hydrophobic-hydrophobic-DTG-Ser-Ser residues (Eigure 2). Exceptions to the structure of typical

aspartic proteases were already described, as in the case of nucellin B2 in chloroplast nucleoid DNA-binding
protein (CND41) #9 and in the constitutive disease resistance 1 (CDR1) proteasel23]. These structural exceptions
gave rise to three different categories, depending on the putative domain organization and active site sequence
motifs: typical, nucellin-like, and atypical aspartic proteases [22l. Atypical and nucellin-like APs have distinct
features on primary structure organization that differ from typical APs. The nucellin-like APs lack the prosegment
and the PSI and comprise proteins similar to nucellin2d with a characteristic sequence of residues: acidic-
hydrophobic-DTG-serine-acidic residues around the catalytic sitel22l, Atypical APs have intermediate features
between typical and nucellin-like, and the active site is composed by hydrophobic-hydrophobic-DTG-Ser-acidic
residues 29, Both atypical and nucellin-like APs have a cysteine-rich region designated nepenthesin-type AP
(NAP) specific insertion38],
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Figure 2. Proteolytic activation of typical APs adapted from Reference 211, (a) PSl is digested at the midsection, (b)
PSI is entirely removed, and (c) PSI and C-terminal are removed. Signal peptide (SP); prosegment (pros); plant-

specific insert (PSI); N-terminal domain (N); C-terminal domain (C); red dashed lines indicate cleavage sites.

Detailed information on structure organization of plant aspartic proteases has been extensively reviewed in

Reference [38],

2.2. Activation of Aspartic Proteases and Their Subcellular Localization

Proteolytic cleavage is crucial for active proteases. It starts with the removal of the signal sequence upon
translocation to the ER lumen resulting in proproteins (zymogens). Usually, processing zymogens of typical plant
APs involves the removal of the prosegment and partial or total deletion of PSI in an autocatalytic manner at the
low pH of the vacuolel22[4ll Cheung and colleagues have proposed that, after proteolytic cleavage and activation,
typical plant APs are either heterodimeric, where the PSI is partially digested (Eigure 2a) [2243144] or entirely
removed (Eigure 2b; Reference [#2]), or monomeric, without PSI (Eigure 2c), as was observed in sweet potato
SPAP1 48],

There is evidence that two monomeric APs from potato tuber and leaves, StAspl 44 and StAsp3 28, respectively,
have the PSI in their mature form. However, the proteolytic mechanisms behind that process are still unknown 42
B9 |n contrast, two atypical aspartic proteases, CDR1 and its rice homolog, have shown activity without the
removal of the putative prosegment232l. More studies have to be conducted to fully understand the inactivation
mechanisms of plant APs. Soares and colleagues have recently proposed that the inactive form of APs occurs
because the active site is blocked by the prosegment alone or by the prosegment together with the mature N-
terminal and the flap. In contrast, precursors of cardosin A and B are active before undergoing the proteolytic

process that removes prosegment, hence probably do not share the inactivation mechanism described abovel22,

Considering the APs’ subcellular location, these proteases are found in various cellular compartments. Typical APs
are mostly found in vacuoles, such as in the case of APs from barley 23, castor bean (Ricinus communis) B4, and
Arabidopsis®2. To a less extent, typical APs are also located in the extracellular space, such as in the case of
tomato (Solanum lycopersicum)€l and tobacco (Nicotiana tabacum) APs B8, Atypical APs are widely distributed in
the cell: Arabidopsis PCS1, ASPG1, and ASPR1 are located in the endoplasmic reticulum (ER) [22B9[57]: UNDEAD
AP in mitochondria [58]; and CND41 and NANA in the chloroplast2449. Rice OsAP65 is located in pre-vacuolar
compartments [28: nepenthesins and Arabidopsis AED1 and CDR1 are distributed in the extracellular space 23159

(691 Arabidopsis A36 and A39 APs were found to be located in the plasma membrane as anchored proteins(€1l.

Plant APs are involved in many biological functions, particularly in developmental processes, such as chloroplast
homeostasis and protein turnover2d49 as well as in programmed cell death (PCD) and cell survivall®2.
Developmentally controlled plant cell death is initiated through hormonal signaling, which in turn leads to the

accumulation of reactive oxygen species (ROS) and transcriptional activation of PCD-related genes, such as
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proteases and nucleases. PCD can have different outcomes, such as senescence, the death of cells no longer

required, or the creation of tissues that assume structural storage functions!€2!.
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