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Phytaspases are plant cell death-related proteases of the subtilisin-like protease family that possess an unusual 11 

aspartate cleavage specificity. Although phytaspase activity is widespread in plants, phytaspase of Arabidopsis 12 

thaliana (L.) Heynh. has escaped detection and identification thus far. Here, we show that a single gene (At4 13 

g10540) out of 56 A. thaliana subtilisin-like protease genes encodes a phytaspase. The recombinant phytaspase was 14 

overproduced in Nicotiana benthamiana Domin leaves, isolated, and its substrate specificity and properties were 15 

characterised. At pH 5.5, at physiological mildly acidic reaction conditions, the Arabidopsis phytaspase was shown 16 

to be strictly Asp-specific. The strongly preferred cleavage motifs of the enzyme out of a panel of synthetic peptide 17 

substrates were YVAD and IETD, while the VEID-based substrate preferred by the tobacco and rice phytaspases 18 

was almost completely resistant to hydrolysis. At neutral pH, however, the Arabidopsis phytaspase could hydrolyse 19 

peptide substrates after two additional amino acid residues, His and Phe, in addition to Asp. This observation may 20 

indicate that the repertoire of Arabidopsis phytaspase targets could possibly be regulated by the conditions of the 21 

cellular environment. Similar to tobacco and rice phytaspases, the Arabidopsis enzyme was shown to accumulate in 22 

the apoplast of epidermal leaf cells. However, in stomatal cells Arabidopsis phytaspase was observed inside the 23 

cells, possibly co-localising with vacuole. Our study thus demonstrates that the Arabidopsis phytaspase possesses 24 

both important similarities with and distinctions from the already known phytaspases, and is likely to be the most 25 

divergent member of the phytaspase family. 26 

Additional keywords: apoplast, aspartate specificity, proteolysis, subtilisin-like protease. 27 

N. V. Chichkova et al. 28 

Identification and properties of A. thaliana phytaspase 29 

Although plant proteases of the phytaspase family are important contributors to stress-induced plant cell death, 30 

phytaspase of a classical model plant Arabidopsis thaliana has escaped identification thus far. We identified the 31 

Arabidopsis phytaspase-encoding gene and characterised the recombinant enzyme. Substrate specificity and 32 
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properties of the Arabidopsis phytaspase display both important similarities with and distinctions from the already 33 

characterised phytaspases. 34 

Introduction 35 

Generally, proteolytic enzymes are poor at hydrolysing peptide bonds after an aspartic acid residue 36 

(Asp, D) in their substrates. A notable exception from this tendency is represented by the programmed 37 

cell death (PCD)-related proteases, caspases and granzyme B in animals (Talanian et al.1997; Thornberry 38 

et al. 1997) and phytaspases in plants (Chichkova et al. 2010, 2012; 2014). Although structurally very 39 

different, these endoproteases recognise a short peptide motif in their substrates and introduce a break 40 

strictly after an Asp residue. Due to their exceptional selectivity, these proteases hydrolyse a limited 41 

number of proteins, usually introducing a single cleavage into their targets. Therefore, these are 42 

processing, rather than digestive, proteolytic enzymes. 43 

Plant phytaspases belong to a family of Ser-dependent subtilisin-like proteases (Schaller et al. 2012). 44 

Prototype members of the phytaspase group, phytaspases from Nicotiana tabacum L. (Nt Phyt) and Oryza 45 

sativa L. (Os Phyt), have been characterised in detail and shown to be essential for the accomplishment of 46 

PCD induced by biotic and abiotic stimuli in plants (Chichkova et al. 2004, 2010; Fomicheva et al. 2012). 47 

Transgenic upregulation of phytaspase activity enhanced plant cell death, whereas PCD responses were 48 

suppressed in tobacco plants with downregulated phytaspase activity (Chichkova et al. 2010). 49 

Phytaspases are synthesised as inactive preproenzymes which are constitutively and autocatalytically 50 

processed to generate mature active enzymes that are secreted out of the plant cell into the apoplast 51 

(Chichkova et al. 2010), which is typical for plant subtilases (Cedzich et al. 2009). This constitutive 52 

activation explains why phytaspase activity is readily detectable in extracts of control plant tissues 53 

(Chichkova et al. 2008). PCD-inducing stimuli, such as oxidative and salt stresses or the tobacco mosaic 54 

virus-induced hypersensitive response cause phytaspase re-localisation from the apoplast into the stressed 55 

plant cell (Chichkova et al. 2010; Vartapetian et al. 2011). 56 

Nt and Os Phyt share several features. In particular, the preferred cleavage recognition motif for both 57 

enzymes estimated with a set of tetrapeptide substrates commonly used to establish caspase/phytaspase 58 

cleavage specificity is VEID (Chichkova et al. 2010). Recent analysis of the Os Phyt specificity with the 59 

use of positional scanning substrate combinatorial peptide libraries revealed, however, that the optimum 60 

phytaspase recognition motif is strikingly hydrophobic (Galiullina et al. 2015). A single known protein 61 

target of phytaspases is the VirD2 protein of a plant pathogenic bacterium Agrobacterium tumefaciens. 62 

Both Nt and Os Phyt introduce a single break close to the C-terminus of VirD2 protein, which resulted in 63 

the detachment of the nuclear localisation signal of VirD2 and compromised delivery of the bacterial T-64 

DNA into the plant cell nucleus (Chichkova et al. 2004; Reavy et al. 2007). Similar VirD2-hydrolysing 65 
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activities were documented in extracts of various plant species (Chichkova et al. 2008), indicating that 66 

phytaspases are ubiquitous in plants. However, the identity of the phytaspase gene in the genome of a 67 

classical model plant Arabidopsis thaliana (L.) Heynh. escaped identification thus far. 68 

Here we report identification and characterisation of the A. thaliana phytaspase (At Phyt). Our study 69 

demonstrates that At Phyt possesses both important similarities with and distinctions from the already 70 

characterised phytaspases, and is likely to be the most divergent member of the phytaspase family. 71 

Materials and methods 72 

Plasmid construction 73 

The At4 g10540 gene encoding At SBT3.8, a putative subtilisin-like protease, was PCR-amplified and 74 

a 3260-bp DNA fragment corresponding to the protein-coding region of the gene was inserted into the 75 

pRTL2 vector between the dual 35S promoter and transcription terminator. The whole expression cassette 76 

was then transferred into the pLH7000 binary vector. The At SBT3.5 cDNA was obtained by reverse 77 

transcription-PCR using total RNA from Arabidopsis thaliana (L.) Heynh. (Columbia) as a template, and 78 

cloned into the pLH7000 vector similarly. To construct GST and EGFP fusion proteins, the termination 79 

codons in subtilase genes were removed, and the tag gene was inserted in frame, downstream of the 80 

subtilase gene. Expression cassette with the At SBT3.8-EGFP gene was finally introduced into the 81 

pZP111b vector to be used for transient production of the protein in A. thaliana. 82 

The S553A mutation was introduced into At4 g10540 gene by QuikChange mutagenesis kit 83 

(Stratagene). Sequences of all DNA fragments obtained with the aid of PCR were verified by DNA 84 

sequencing. 85 

Production in Nicotiana benthamiana and purification of recombinant At subtilases 86 

pLH7000-based expression constructs bearing the subtilase genes were introduced into Agrobacterium 87 

tumefaciens C58C1 cells. Transformed agrobacteria were infiltrated into Nicotiana benthamiana Domin 88 

leaves, then 4–5 days post infiltration, leaves were ground in liquid nitrogen, and the samples were 89 

suspended in B1 buffer, pH 5.5 (20 mM MES, 2 mM DTT, 0.1% Tween 20, 5% glycerol, 5 0 mM NaCl; 90 

30 mL of the buffer per 10 g of fresh leaves). Debris was eliminated by two successive centrifugation 91 

steps, 15 min at 14 000g each, and the supernatants were fractionated by ammonium sulfate precipitation. 92 

The protein fractions that precipitated within the 50–70% interval of (NH4)2SO4 (for untagged At SBT3.8 93 

and GST-tagged At SBT3.5), or within the 40–60% interval (for At SBT3.8-GST) were taken for further 94 

purification. 95 
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Samples containing GST-fusion proteins were dissolved in PBS buffer, pH 7.3, and dialysed against 96 

the same buffer. Proteins were applied onto the glutathione Sepharose resin (GE Healthcare), extensively 97 

washed with the same buffer, and the recombinant proteins were eluted from the resin with a PBS buffer, 98 

pH 8.0, containing 40 mM glutathione. Western blot analysis of the GST-fused subtilases was performed 99 

using anti-GST mouse monoclonal antibody as described (Chichkova et al. 2010). 100 

The precipitate containing the untagged At SBT3.8 was dissolved in B1 buffer, pH 6.7, and dialysed 101 

against the same buffer. The sample was then applied onto a DE53 column (Whatman) equilibrated with 102 

the same buffer and washed with the buffer. Elution was performed with a 0–500 mM NaCl gradient in 103 

the same buffer, protein fractions eluted at 30–80 mM NaCl and containing phytaspase activity were 104 

collected and dialysed against a PBE buffer (25 mM imidazole, 2 mM DTT, 0.1% Tween 20, 5% 105 

glycerol), pH 7.4 106 

The protein sample (0.5 mL) was then subjected to chromatofocusing using a PBE94 Polybuffer 107 

Exchanger column (Amersham Biosciences, volume 7 mL) equilibrated with the PBE buffer. The column 108 

was washed with the same buffer, and the proteins were eluted from the column with a mixture of 8-fold 109 

diluted Polybuffer 74 (70%) and Polybuffer 96 (30%), pH 5.0, containing 2 mM DTT, 0.1% Tween 20, 110 

and 5% glycerol. For each fraction of eluate, the pH and phytaspase activity were measured. Protein 111 

fraction eluted at pH 6.06 and containing the maximum phytaspase activity was concentrated using YM-112 

30 Centricon (Amicon). 113 

Finally, the untagged At Phyt sample was subjected to non-denaturing polyacrylamide gel 114 

electrophoresis using the discontinuous Laemmli system (Laemmli 1970) lacking SDS. Electrophoresis 115 

was performed at +4°C until the tracking dye bromophenol blue migrated for 6 cm. The gel was sliced 116 

into 2 mm wide bands, proteins were eluted from crushed gel pieces with B1 buffer, pH 6.5, and 117 

polyacrylamide gel was discarded by centrifugation. The supernatants were analysed for protein content 118 

by SDS-gel electrophoresis and for phytaspase activity. 119 

The protein sample displaying a single protein band and high level of phytaspase activity was subjected 120 

to size exclusion chromatography using a Superdex 200 (GE Healthcare) column equilibrated with B1 121 

buffer, pH 6.5, containing 150 mM NaCl, and pre-calibrated with the MW markers. Fractions were 122 

processed for phytaspase activity, and protein content was verified by SDS-gel electrophoresis followed 123 

by silver nitrate staining. 124 

Detection and quantification of At phytaspase activity 125 

Phytaspase activity of purified enzymes and crude extracts was determined using a panel of synthetic 126 

peptide substrates containing a fluorogenic AFC group (from American Peptide Co., Anaspec, Bachem, 127 
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Calbiochem, California Peptide, Enzo Life Sciences, MP Biomedicals). Peptide substrates were tested at 128 

concentrations of 20–40 µM, as indicated in the figure legends (Chichkova et al. 2010). Crude leaf 129 

extracts were 5–10-fold diluted before activity measurements. Kinetic measurements of fluorescence 130 

intensities were performed in B1 buffer with the indicated pH, containing 0.5 M NaCl at 30°C. Sodium 131 

acetate, MES, and HEPES were used at 20 mM to obtain buffers covering pH intervals 4.0–5.0, 5.5–6.5, 132 

and 7.0–8.0, respectively. FLUOstar OPTIMA reader (BMG Labtech) equipped with 405 nm excitation 133 

and 520 nm emission filters was used to quantitate fluorescence intensities. 134 

Peptide aldehyde inhibitors (Bachem, from stock solution in DMSO) were added, where indicated, to 135 

At phytaspase samples up to the concentration of 80 µM. Control samples were supplied with an 136 

equivalent amount of DMSO. The mixtures were incubated at 30°C for 30 min before addition of 137 

fluorogenic substrates (final concentration 40 µM), and incubation was continued at 30°C for 3 h. 138 

The sensitivity of At phytaspase to various inhibitors of proteolytic enzymes was assessed using an 139 

INHIB1 Protease Inhibitor Panel (Sigma) according to recommendations of the manufacturer. At 140 

phytaspase was pre-incubated in B1 buffer, pH 6.5, at 30°C for 30 min with the inhibitors at the following 141 

concentrations: AEBSF, 1 mM; PMSF, 1 mM; aprotinin, 5 µg mL–1; antipain, 100 µM; leupeptin, 50 µg 142 

mL–1; N-ethylmaleimide (NEM), 1 mM; E-64, 10 µM; benzamidine-HCl, 4 mM; trypsin inhibitor, 10 µg 143 

mL–1; 6-aminohexanoic acid (6-AHA), 5 mg mL–1; EDTA, 1 mM; phosphoramidon, 10 µM; bestatin, 40 144 

µM; pepstatin A, 1 µg mL–1; chymostatin, 200 µg mL–1; HgCl2, 200 µM. The Ac-YVAD-AFC substrate 145 

(20 µM) was then added to the samples, and incubation was continued. 146 

Production and localisation of At phytaspase in A. thaliana 147 

Agro-infiltration for transient expression into A. thaliana seedlings was carried out essentially as 148 

described in Marion et al. (2008) using cut-out nylon mesh with 500 µm pore size (Saatitech, PA500/38) 149 

on solidified 3 mL half-strength MS (2.2 g L–1 Murashige and Skoog, 10 g L–1 glucose, 0.5 g L–1 MES, 4 150 

g L–1 phytagel, pH 5.7) in a six-well plate with aluminium foil covering the bottom and side of the plate to 151 

prevent the cotyledons from growing underneath the mesh. Seedlings were grown for 4 days (22°C, 8 h 152 

light/16 h dark cycle) before agro-infiltration. Transformed GV3101-Agrobacterium strain was grown in 153 

2YT (16 g L–1 bacto-tryptone, 10 g L–1 yeast extract, 5 g L–1 NaCl pH7) at 30°C, harvested by 154 

centrifugation at 4000g for 10 min and resuspended at OD600 of 2.0 in the infiltration buffer (5% sucrose, 155 

200 µM acetosyringone). Two mL of resuspended culture was added into each well, covering the 156 

seedlings and –1 atm vacuum was applied twice for 1 min. Excess infiltration liquid was completely 157 

removed to avoid contamination and the seedlings were grown further for 3 days before confocal analysis. 158 

Membranes were labelled with FM4–64 at 1 µM and EGFP-fusion subcellular localisation was monitored 159 
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using a Leica SP5 AOBS Tandem Head Confocal using EGFP (ex 488 nm, em 509 nm) and mRFP filters 160 

(ex 587 nm, em 610 nm). 161 

Results 162 

Phytaspase activity in A. thaliana extracts is extremely low 163 

To detect phytaspase activity in A. thaliana plants, extracts were prepared from whole plants or leaves. 164 

Incubation of these extracts with canonical fluorogenic peptide substrates of tobacco (Nicotiana tabacum) 165 

and rice (Oryza sativa) phytaspases (Ac-VEID-AFC, Ac-IETD-AFC, Ac-YVAD-AFC, where AFC is 7-166 

amino-4-trifluoromethylcoumarin) (Chichkova et al. 2010) has revealed that the presumptive phytaspase 167 

activity in Arabidopsis is extremely low, compared with extracts from tobacco and rice leaves, Fig. 1a. 168 

This precluded identification of the preferable substrate of the putative A. thaliana phytaspase and, 169 

furthermore, hampered purification approaches for isolation and identification of the enzyme. 170 

Predicting the A. thaliana phytaspase 171 

To overcome this problem, we took a bioinformatics approach to identify an At Phyt. All known 172 

phytaspases belong to a family of subtilisin-like proteases (subtilases), which is represented in A. thaliana 173 

by 56 members (Rautengarten et al. 2005). Plant subtilases are synthesised as preproenzymes 174 

encompassing an N-terminal signal peptide, an inhibitory prodomain, and a peptidase domain (Chichkova 175 

et al. 2010; Vartapetian et al. 2011), whereas mature active enzymes lack both the signal peptide and the 176 

prodomain. Importantly, processing of the enzyme precursor (detachment of the prodomain) was shown 177 

to occur autocatalytically in the case of phytaspases and in line with the enzyme aspartate specificity 178 

(Chichkova et al. 2010). This implies that an aspartate residue (D) should reside at the junction of the 179 

prodomain and the peptidase domain. Indeed, such a D residue is located at the very C-terminus of the 180 

prodomains of tobacco and rice phytaspases, and mutating this D residue is known to preclude processing 181 

and activation of phytaspase (Chichkova et al. 2010). 182 

We therefore checked whether in any of 56 A. thaliana subtilisin-like protease sequences there is an 183 

Asp residue at the prodomain-peptidase domain junction. It turned out that a single A. thaliana subtilase, 184 

SBT3.8, conforms to this pattern (Fig. 1b), and therefore represented a candidate for the role of At Phyt. 185 

SBT3.8 displays a moderate amino acid identity with the sequences of Nt Phyt and Os Phyt (~33%) and 186 

has not been characterised previously. 187 

At SBT3.8 is a phytaspase 188 

To verify whether SBT3.8 might be an Arabidopsis Phyt orthologue, we amplified the corresponding 189 

gene (At4 g10540) and cloned it into a binary vector under the control of a strong constitutive 35S 190 

promoter. Two plasmid constructs were obtained: one encoding SBT3.8 without artificially added 191 
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sequences, and another one encoding SBT3.8 with a C-terminal GST tag enabling detection and 192 

purification of the target protein. 193 

To further evaluate our prediction that an Asp residue at the C-terminus of a subtilase prodomain may 194 

serve as an indicator of phytaspase activity, in parallel, we constructed an At SBT3.5-GST fusion protein. 195 

At SBT3.5 (774 aa long) displays 77% sequence identity with At SBT3.8 (775 aa long) but lacks an Asp 196 

residue at the prodomain-peptidase domain junction (Fig. 1b) and was used as a control. Agrobacteria 197 

transformed with each of the constructs were infiltrated into N. benthamiana leaves for transient 198 

production of the recombinant proteins. GST-tagged SBT3.8 and SBT3.5 subtilases were isolated from 199 

the extracts of infiltrated leaves, affinity purified by glutathione Sepharose chromatography, and 200 

displayed a single protein band of the expected size (~110 kDa) when analysed by western blotting using 201 

an anti-GST antibody (Fig. 1c). A similar electrophoretic mobility was previously reported for processed 202 

Nt Phyt-GST fusion protein (Chichkova et al. 2010). 203 

To assess phytaspase (aspartate) cleavage specificity, the recombinant proteins were incubated with 204 

various fluorogenic peptide substrates for caspases and phytaspases with the general structure Ac-XXXD-205 

AFC (X is an amino acid residue). Of the 10 potential substrates tested, SBT3.8 was able to efficiently 206 

hydrolyse two: Ac-YVAD-AFC and Ac-IETD-AFC (Fig. 2). In contrast, only background activity was 207 

observed with SBT3.5 using any of the substrates (Fig. 2). 208 

To further confirm the origin of Asp-hydrolysing activity, we predicted the position of a catalytic Ser 209 

residue (Ser553) in SBT3.8 using multiple alignments of subtilisin-like protease sequences and substituted 210 

it with Ala. The recombinant SBT3.8 (S553A)-GST fusion protein was overproduced in N. benthamiana 211 

leaves and isolated, as described above for the wild type enzyme. The ability of SBT3.8 to hydrolyse 212 

caspase/phytaspase peptide substrates was abolished by the mutation (see Fig. S1, available as 213 

Supplementary Material to this paper). 214 

In addition, SBT3.8 lacking the GST tag was produced in N. benthamiana and purified by several 215 

chromatographic steps and electrophoresis (see ‘Materials and methods’ for details) (Fig. 1d). We note 216 

that the untagged enzyme (MW ~80 kDa) displayed a 75-fold higher specific activity towards YVAD- 217 

and IETD-based substrates, relatively to the GST-tagged version, under the identical reaction conditions. 218 

Nevertheless, the order of preferences for different fluorogenic peptide substrates was virtually the same 219 

for tagged and untagged SBT3.8 (data not shown, see Fig. 2). 220 

Taken together, the obtained data allowed us to conclude that, in line with our prediction, At SBT3.8 is 221 

an A. thaliana phytaspase (At Phyt). Notably, YVAD is a strongly preferred recognition motif for At 222 
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Phyt, whereas the VEID-based substrate is ineffective (Fig. 2). This is in contrast to Nt Phyt and Os Phyt, 223 

both of which preferred the VEID motif (Chichkova et al. 2010, 2012; Vartapetian et al. 2011). 224 

Under specific conditions, At Phytaspase can hydrolyse non-D substrates 225 

Nt and Os Phytaspases were previously shown to be strictly D-specific (Chichkova et al. 2010; 226 

Galiullina et al. 2015). We therefore assessed the ability of At Phyt to hydrolyse non-D substrates. For 227 

this purpose, a collection of 10 fluorogenic peptides with an AFC group attached to the C-terminal amino 228 

acid residue other than Asp (Ala, Arg, Glu, Gln, His, Leu, Lys, Phe, Tyr) was used. 229 

At the standard acidic conditions of hydrolysis (pH 5.5), no cleavage of non-D substrates by At Phyt 230 

was observed (Fig. 3a). However upon pH increase to 6.5, significant cleavage of two non-D substrates, 231 

Ac-VEPH-AFC and Suc-AAPF-AFC, was detected (Fig. 3b). Such a hydrolysis was observed 232 

irrespective of whether GST-tagged or untagged samples of At Phyt were used. 233 

pH dependence of the efficiency of hydrolysis of Ac-YVAD-AFC, Ac-VEPH-AFC, and Suc-AAPF-234 

AFC by At Phyt was then assessed more precisely. Fig. 3c shows that an overall acceleration of 235 

hydrolysis occurred upon pH increase from 4.5 to 7.5. An ability to cleave non-D substrates became 236 

evident at the pH 6.0–8.0 interval, yet being somewhat lower than the Ac-YVAD-AFC hydrolysing 237 

activity. 238 

We then re-checked whether the Ac-VEPH-AFC and Suc-AAPF-AFC could be hydrolysed by Nt and 239 

Os Phyt under similar conditions, and we found no evidence of cleavage at any pH tested (data not 240 

shown, and Galiullina et al. 2015). To ascertain whether the non-D hydrolysis was a property of At Phyt, 241 

or was caused by impurities in the At Phyt preparations, peptide aldehyde inhibitors Ac-YVAD-CHO and 242 

Ac-IETD-CHO cognate to the preferred At Phyt substrates were used. Pre-incubation of the enzyme with 243 

these inhibitors abolished hydrolysis of not only the D-specific substrates, but also of non-D substrates 244 

(Fig. 3d). Importantly, mutation of the predicted catalytic Ser553 residue of At Phyt abolished hydrolysis 245 

of non-D substrates as well (Fig. S1).Thus, it appears likely that At Phyt is able to hydrolyse some non-D 246 

substrates at close to neutral and mildly basic pH. 247 

At Phyt is inhibited by PMSF and chymostatin 248 

Nt and Os phytaspases were previously shown to be surprisingly insensitive to a broad range of 249 

chemical inhibitors (Chichkova et al. 2004, 2008). We assessed whether any of these inhibitors could 250 

interfere with the ability of At Phyt to hydrolyse Ac-YVAD-AFC.As shown in Fig. 4, At Phyt turned out 251 

to be insensitive (or very slightly sensitive) to the majority of the inhibitors tested; yet two of them – 252 

PMSF and chymostatin – caused complete inactivation of the enzyme. This feature is again in a sharp 253 

contrast with the inhibition profile of Nt and Os phytaspases. 254 
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At Phyt forms a homodimer in solution 255 

The unusual enzymatic behaviour of At Phyt described above prompted us to address some other 256 

properties of the enzyme. Previously, Nt Phyt was described to exist as a monomer in solution 257 

(Chichkova et al. 2014). For some other plant subtilisin-like proteases, dimerisation was reported 258 

(Ottmann et al. 2009). We therefore assessed the state of the purified untagged At Phyt in solution using 259 

size exclusion chromatography. 260 

It was shown that At Phyt efficiently forms homodimers that elute from the column as a 160 kDa 261 

protein (Fig. 5a), and that are proteolytically active when assessed with the Ac-YVAD-AFC substrate. 262 

When native (untagged) Nt Phyt was analysed under the identical conditions, it eluted from the column as 263 

a 70 kDa protein, thus behaving like a typical monomer (Fig. 5b). Therefore, in this respect, At Phyt is 264 

also distinct from the previously characterised phytaspases. 265 

Localisation of At Phyt 266 

To assess the subcellular localisation of At Phyt in A. thaliana, a gene encoding At Phyt-EGFP fusion 267 

protein was placed under the control of the 35S promoter, and transiently expressed in 4-day-old 268 

seedlings using agroinfiltration. Confocal microscopy of cells at the surface of the cotyledons revealed 269 

that At Phyt-EGFP accumulated at the periphery of epidermal cells. Staining cell plasma membranes with 270 

FM4–64 dye suggested that the tagged enzyme was located in between the plasma membranes of adjacent 271 

cells (Fig. 6a). To further strengthen this observation, the agro-infiltrated tissues were plasmolysed with 272 

0.5 M mannitol, 15 min before confocal analysis. This resulted into a mild retraction of the cell 273 

protoplasts, and the EGFP fluorescence was clearly visualised in the space between two plasma 274 

membranes (red) of the adjacent epidermal cells, corresponding to the apoplast (Fig. 6b). We noted that in 275 

stomatal cells At Phyt-EGFP fluorescence was observed inside the cells and not in the cell wall (Fig. 6c). 276 

Discussion 277 

Up until now, Nt and Os phytaspases, cell death-related subtilisin-like proteases with aspartate 278 

specificity, served as prototype members of the phytaspase family. Phytaspases from these plant species 279 

display several common features. Although belonging to dicot and monocot plant organisms, 280 

respectively, they share 53% amino acid identity, have the same preferred peptide substrate Ac-VEID-281 

AFC, and display apoplastic localisation. Furthermore, the Os Phyt could complement Nt Phyt deficiency 282 

and restore stress-induced programmed cell death (Chichkova et al. 2010). A proteolytic activity with 283 

similar properties was demonstrated to be ubiquitous in a wide range of plant species (Chichkova et al. 284 

2008, 2014). However, in the model plant A. thaliana, phytaspase escaped identification for several years, 285 

mainly due to the fact that phytaspase activity in A. thaliana extracts is exceedingly low. 286 
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Here, we report the identification and characterisation of At Phyt. To do this, we made use of an 287 

observation that, because of the self-processing mechanism of pro-phytaspase into phytaspase, there is a 288 

requirement for an Asp residue at the prodomain-peptidase domain junction (Chichkova et al. 2010). 289 

Scanning of the deduced amino acid sequences of all 56 A. thaliana subtilisin-like proteases showed that 290 

a single enzyme, At SBT3.8, encoded by the At4 g10540 gene, conformed to this rule. The corresponding 291 

recombinant enzyme obtained indeed could efficiently hydrolyse two of the commonly used phytaspase 292 

substrates, Ac-YVAD-AFC and Ac-IETD-AFC. Further validation of our approach came from the 293 

demonstration that At SBT3.5 subtilase implicated in pectin methylesterase 17 processing (Sénéchal et al. 294 

2014), although positioned phylogenetically close to the At Phyt but lacking the characteristic junction 295 

Asp residue, failed to display an Asp-specific proteolytic activity. 296 

We have shown, however, that the At Phyt we identified is distinct from the already known 297 

phytaspases in several aspects. First, At Phyt displays only 32–33% amino acid identity with the Nt and 298 

Os Phyt. Related to this, previously performed phylogenetic comparison of Nt and Os phytaspases with 299 

the six distinct subgroups of A. thaliana subtilases (Rautengarten et al. 2005) placed phytaspases within 300 

subgroup 1 (Vartapetian et al. 2011) whereas At Phyt (At SBT3.8) belongs to subgroup 3. Furthermore, 301 

computer modelling and docking studies of Nt Phyt suggested that His331 of the enzyme is likely 302 

involved in the required fitting of the substrate P1 Asp within the phytaspase active site (Vartapetian et al. 303 

2011). In the Os Phyt sequence, the relevant position is also occupied by a His residue, whereas the At 304 

Phyt bears Gly instead of His. 305 

Second, identification of YVAD as a strongly preferred recognition motif for At Phyt, and virtually no 306 

activity of the enzyme towards the VEID-based substrate came as a surprise. Although, similar to what is 307 

observed with Nt Phyt and Os Phyt, the three aa motif preceding the D residue clearly affects the 308 

hydrolysis efficiency by At Phyt, Nt and Os phytaspases both preferred the VEID motif, YVAD being 309 

suboptimal (Chichkova et al. 2010). Furthermore, while the Ac-YVAD-AFC substrate was the best one 310 

for At Phyt among the substrates tested, no hydrolysis of Ac-VAD-AFC was observed (Fig. 2). This is in 311 

contrast to Nt and Os phytaspases, which cleave both of these substrates with comparable efficiencies 312 

(Chichkova et al. 2010). A likely explanation of this peculiarity of At Phyt is that the Arabidopsis enzyme 313 

may require a tetrapeptide as a minimal recognition sequence. 314 

Third, At Phyt is present as a dimer in solution, whereas Nt and Os Phyt are monomers (this study and 315 

Chichkova et al. 2014). Fourth, a remarkable property of Nt and Os Phyt is their complete resistance to a 316 

broad range of chemical inhibitors, including those commonly used to inactivate Ser-dependent enzymes 317 

(Chichkova et al. 2008). At Phyt behaves in a more canonical way, being completely inactivated by 318 
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PMSF and chymostatin. Fifth, pH optimum for the Nt and Os Phyt-mediated hydrolysis is mildly acidic 319 

(pH 5.5–6.0) (Chichkova et al. 2008), whereas At Phyt performs much better at neutral pH (7.0–7.5). 320 

But perhaps the most striking difference between the Nt and Os Phyt and At Phyt is the ability of the 321 

latter to cleave, at elevated pH, some synthetic peptide substrates after an amino acid residue other than 322 

Asp. While at pH below 6.0 the At Phyt behaves as a strictly D-specific enzyme, at pH 6.0–8.0 it was able 323 

to hydrolyse Ac-VEPH-AFC and, to a lesser extent, Ac-AAPF-AFC substrates. Since the hydrolysis of 324 

these ‘non-D’ substrates occurred less efficiently than that of Ac-YVAD-AFC, a possibility existed that 325 

the ‘non-D’ hydrolysis was mediated by a contaminating proteolytic activity and not by the At Phyt itself. 326 

This interpretation, however, was shown to be unlikely for several reasons. First, hydrolysis of VEPH- 327 

and AAPF-based substrates was observed with different versions of recombinant At Phyt samples, an 328 

untagged enzyme and a GST-tagged enzyme, which were purified using two distinct protocols. In 329 

particular, the isolation of the At Phyt-GST fusion protein involved an affinity chromatography step. 330 

Second, peptide aldehyde phytaspase inhibitors, Ac-YVAD-CHO and Ac-IETD-CHO, were able to 331 

neutralise both the D-specific activity (as expected) and the ‘non-D’ hydrolysing activity. Furthermore, 332 

the At Phyt(S553/A) mutant failed to hydrolyse both D-specific and non-D substrates. It is thus likely that 333 

both activities belong to the same enzyme. This in turn implies that the repertoire of At Phyt targets may 334 

depend on the conditions of the cellular environment. 335 

Similarly to tobacco and rice phytaspases (Chichkova et al. 2010), the Arabidopsis enzyme was shown 336 

to be secreted and accumulated in the apoplast of healthy epidermal leaf cells. However, transiently 337 

produced At Phyt was also detected inside the stomatal cells. This opens the interesting possibility that 338 

sub-cellular localisation of the At Phyt may vary with the cell type. 339 

Summarising, the At Phyt identified is certainly a phytaspase, yet it appears to be the most atypical 340 

among known phytaspases. In this regard, identification of protein substrates of At Phyt and elucidation 341 

of its role in A. thaliana development and stress responses would be of utmost interest and importance. 342 
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Fig. 1. A search for the origin of phytaspase activity in Arabidopsis thaliana. (a) Comparison of the levels of 405 

phytaspase activity in crude leaf extracts of Nicotiana tabacum, Oryza sativa, and A. thaliana. Relative rates of Ac-406 

VEID-AFC, Ac-YVAD-AFC, and Ac-IETD-AFC (40 µM) hydrolysis at pH 5.5 are expressed as a change of 407 

relative fluorescence units per hour (ΔRFU h–1, mean values from three experiments, error bars represent s.d.). (b) 408 

Amino acid sequences of the prodomain-peptidase domain junction in At SBT3.8 and At SBT3.5 subtilases. TTRT 409 

or a closely related sequence is located at the very N-terminus of the majority of mature plant subtilisin-like 410 

proteases. An arrow indicates the site of autocatalytic processing. (c) Affinity chromatography purified At SBT3.8-411 

GST and At SBT3.5-GST fusion proteins. Samples were analysed by western blot analysis using anti-GST antibody. 412 

Positions of MW markers are shown on the right. (d) A sample of untagged At SBT3.8. The protein was fractionated 413 

by SDS-gel electrophoresis and stained with Coomassie Blue. Positions of MW protein markers (M) are indicated 414 

on the right. 415 

Fig. 2. At SBT3.8 is an Arabidopsis phytaspase. Fluorogenic peptide substrates of caspases and phytaspases (Ac-416 

XXXD-AFC, 40 µM) were incubated with At SBT3.8-GST (black bars) or with At SBT3.5-GST (grey bars) at pH 417 

5.5. Data (means from three experiments) are given for approximately equal amounts of both proteins (see Fig. 1c). 418 
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ΔRFU h–1, relative fluorescence units per hour, error bars represent s.d. An untagged At SBT3.8 displayed the same 419 

order of preferences for peptide substrates (data not shown). 420 

Fig. 3. Extended substrate P1 specificity for At Phyt at neutral pH. Peptides (40 µM) used are: Ac-LLY-AFC, Ac-421 

LLL-AFC, Morpholinecarbonyl-HSSKLQ-AFC, Ac-EGR-AFC, Ac-VAE-AFC, Ac-VEIA-AFC, Succinyl-AAPF-422 

AFC, Ac-VEPH-AFC, Ac-TQTE-AFC, D-VLK-AFC. Ac-YVAD-AFC was included as a positive control. 423 

Hydrolysis was performed at pH 5.5 (a) or pH 6.5 (b, d). (c) pH dependence of Ac-YVAD-AFC, Ac-VEPH-AFC, 424 

and Suc-AAPF-AFC hydrolysis by At Phyt. (d) Peptide aldehydes Ac-YVAD-CHO and Ac-IETD-CHO abolish 425 

hydrolysis of the D-specific substrates (Ac-YVAD-AFC and Ac-IETD-AFC) and of non-D substrates (Ac-VEPH-426 

AFC and Suc-AAPF-AFC). At Phyt was preincubated with the indicated inhibitors (80 µM) or with an equivalent 427 

amount of DMSO as a control for 30 min before the addition of the corresponding substrate. Data are given for 428 

untagged At Phyt. At Phyt-GST fusion protein behaves similarly (data not shown). ΔRFU h–1, relative fluorescence 429 

units per hour. Error bars represent s.d. of triplicates. 430 

Fig. 4. At Phyt is sensitive to PMSF and chymostatin inhibitors. At-Phyt was pre-treated with the indicated 431 

chemical inhibitors at the optimised concentration before the addition of the preferred Ac-YVAD-AFC substrate (20 432 

µM). Hydrolysis with untagged At Phyt was performed at pH 6.5. Error bars represent s.d. of triplicates. 433 

Fig. 5. At Phyt forms homodimers in solution. (a) A purified untagged At Phyt was subjected to size exclusion 434 

chromatography on a Superdex 200 column pre-calibrated with the MW markers: bovine serum albumin (67 kDa), 435 

γ-globulin (158 kDa), and thyroglobulin (670 kDa). Phytaspase-containing fractions of the eluate (fractions 32–35) 436 

were identified by measuring Ac-YVAD-AFC hydrolysis. Inset: Characterisation of the protein content of the 437 

fractions was performed using 15% SDS-gel electrophoresis. The gel was stained with silver nitrate. Abbreviations: 438 

IP, input; M, MW protein markers. (b) A native (untagged) Nt Phyt was analysed by size exclusion chromatography 439 

under the identical conditions. Ac-VEID-AFC was used to identify Nt Phyt-containing fractions. Other procedures 440 

and designations were as in (a). 441 

Fig. 6. Subcellular localisation of At Phyt fused with EGFP in Arabidopsis thaliana. The protein fusion At Phyt-442 

EGFP was transiently expressed in 4-day-old seedlings of A. thaliana by agro-infiltration. After 3 days expression 443 

and staining in red of the plasma membrane with 1 µM FM4–64, cells on the cotyledon surface were imaged using a 444 

confocal microscope. Green channel: EGFP filter, and red channel: mRFP filters for FM4–64. Scale bars = 5 µm. (a) 445 

Epidermal cells; (b) mildly plasmolysed cells using 0.5 M mannitol, 15 min; the space in between the plasma 446 

membranes of adjacent cells is enlarged by the protoplast retraction; and (c) stomata.  447 

 448 

Suppl. Fig. 1. The Ser553Ala mutation in At Phyt abolishes the proteolytic activity of the enzyme. Hydrolysis of 449 

Ac-YVAD-AFC, Ac-VEPH-AFC, and Suc-AAPF-AFC substrates (20 µM) with equivalent amounts of the wild 450 

type At Phyt-GST (WT, black bars), or with the At Phyt (Ser553Ala)-GST mutant (S553A, grey bars) in a pH 6.5 451 

buffer. ΔRFU/h, relative fluorescence units per hour.  452 
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Suppl. Fig. 1. 
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