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Summary 20 

Plant asparaginyl endopeptidases (AEPs) are important for the post-translational processing 21 

of seed storage proteins by cleaving precursor proteins. Some AEPs also function as peptide 22 

bond-makers during the biosynthesis of several unrelated classes of cyclic peptides, namely 23 

the kalata-type cyclic peptides, PawS-Derived Peptides and cyclic knottins. These three 24 

families of gene-encoded peptides have different evolutionary origins, but all have recruited 25 

AEP for their maturation. In the last few years, the field has advanced rapidly with the 26 

biochemical characterization of three plant AEPs capable of peptide macrocyclization and 27 

insights have arisen from the first AEP crystal structures, albeit mammalian ones. Although 28 

the biochemical studies have improved our understanding of the mechanism of action, the 29 

focus now is to understand what changes in AEP sequence and structure enable some plant 30 

AEPs to perform macrocyclization reactions. 31 

Key words 32 

asparaginyl endopeptidase, cyclic peptides, macrocyclization , protease, transpeptidation, 33 
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I. Introduction 35 

Asparaginyl endopeptidases (AEPs) are cysteine endopeptidases that target Asn (N) and Asp 36 

(D) residues for cleavage. They have been identified in animals, plants and the protozoan, 37 

Schistosoma mansoni (Hara-Nishimura & Nishimura, 1987; Chen et al., 1997; Caffrey et al., 38 

2000). AEPs were first discovered in plants, functioning in Asn-specific processing of seed 39 

storage proteins (Hara-Nishimura & Nishimura, 1987; Hara-Nishimura et al., 1991; Gruis et 40 
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al., 2004). Since their discovery, plant AEPs have been shown to be upregulated in vegetative 41 

tissues upon wounding and in response to pathogen stress and are therefore predicted to have 42 

a function in defence (Kinoshita et al., 1999; Rojo et al., 2004; Kuroyanagi et al., 2005). 43 

AEPs traffic to the endoplasmic reticulum where their signal peptide is removed, forming the 44 

folded inactive precursor. Not until it reaches its final destination of the vacuole is AEP 45 

processed into its mature form via pH-dependent removal of an N-terminal and a C-terminal 46 

pro-domain (Hiraiwa et al., 1999). The C-terminal pro-domain is thought to cap and restrict 47 

access to the active site based on work with mammalian AEPs (Dall & Brandstetter, 2013). 48 

By analogy to mammalian AEP, in a low pH environment, such as the plant vacuole, the 49 

electrostatic interactions between the C-terminal cap/pro-domain and the central core are 50 

potentially lost enabling AEP auto-activation through exposure of the active site. 51 

Most plants contain multiple copies of AEP genes, whose encoded proteins mainly function 52 

in the cleavage of seed storage protein precursors to form mature seed storage proteins. Some 53 

AEP genes however encode AEPs that can perform a different enzymatic activity in the 54 

synthesis of cyclic peptides by joining residues within a linear precursor protein to make a 55 

macrocyclic product. There are four major classes of cyclic peptides in plants: the orbitides, 56 

the kalata-type cyclic peptides, cyclic knottins and the PawS-Derived Peptides. An orbitide 57 

from Saponaria vaccaria, segetalin A, is synthesized by cleavage of the linear precursor by 58 

an oligopeptidase followed by cyclization by a serine peptidase (Condie et al., 2011; Barber 59 

et al., 2013). With the exception of the orbitides, the other three plant cyclic peptide classes 60 

are processed by AEPs. 61 

AEPs were first implicated in the processing of cyclic peptides in plants due to the highly 62 

conserved proto-C-terminal Asp/Asn within precursor sequences for kalata B1 and related 63 

peptides (Jennings et al., 2001). Plants lacking cyclic peptides (Nicotiana benthamiana and 64 

Arabidopsis thaliana) could produce mass spectral evidence for the accumulation of kalata 65 

B1 when transformed with a construct for its precursor protein. The mass spectrometric 66 

signal for kalata B1 decreased relative to other masses when AEP expression was reduced 67 

transiently, providing the first direct evidence that AEP was involved in kalata B1 68 

biosynthesis(Saska et al., 2007; Gillon et al., 2008). In recent years, several AEPs have been 69 

characterized and their roles in the synthesis of cyclic peptides confirmed. 70 
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II. Plant AEPs with macrocyclizing ability 71 

The unusual reactions AEP could catalyse in addition to its endopeptidase activity were first 72 

shown in the processing of seed proteins in the legume species Canavalia ensiformis, 73 

commonly known as jack bean. An early investigation of the biosynthesis of the lectin, 74 

concanavalin A, predicted a simultaneous cleavage and ligation event occurred (Carrington et 75 

al., 1985; Bowles et al., 1986) and this exciting new kind of post-translational modification 76 

was for a time termed ‘protein carpentry’ (Hendrix, 1991). Subsequent in vitro studies 77 

demonstrated AEP processed concanavalin A via a transpeptidation reaction (Min & Jones, 78 

1994; Sheldon et al., 1996). 79 

The role of AEP in the biosynthesis of cyclic peptides was demonstrated by transgene 80 

approaches with an A. thaliana aep knockout line and precursors for two very different cyclic 81 

trypsin inhibitor peptides (Mylne et al., 2011; Mylne et al., 2012). A gene from the common 82 

sunflower called PawS1 encodes a precursor protein for Sunflower Trypsin Inhibitor 1 (SFTI-83 

1), a small macrocyclic peptide inhibitor of trypsin (Luckett et al., 1999; Mylne et al., 2011). 84 

Heterologous expression of PawS1 in the A. thaliana aep null showed that AEP was critical 85 

for producing SFTI-1. A later study similarly examined the precursor for cyclic knottins from 86 

the squash species, Momordica cochinchinensis (Mylne et al., 2012). Heterologous 87 

expression of a construct encoding the precursor protein TIPTOP2 produced cyclic and 88 

acyclic knottins in a wild type background, but only the acyclic knottin in the aep null 89 

background (Mylne et al., 2012). Critically, these two studies and that of Saska et al. (2007) 90 

demonstrated by modulating AEP activity that three different cyclic peptide biosyntheses 91 

involved AEP. The repeated, independent evolutionary recruitment of AEP in macrocycle 92 

biosyntheses was termed biosynthetic parallelism and inferred AEP performed the 93 

macrocyclization reaction (Mylne et al., 2012). The genetic demonstration of the role of AEP 94 

in the synthesis of different types of cyclic peptide was followed by the identification and 95 

biochemical characterization of three plant AEPs capable of cyclization that are expressed in 96 

the seeds of Clitoria ternatea (Nguyen et al., 2014), Canavalia ensiformis seeds (Bernath-97 

Levin et al., 2015), and the leaves of Oldenlandia affinis (Harris et al., 2015). These studies 98 

proved the role plant AEPs have in macrocyclization and rapidly advanced our understanding 99 

of the mechanism of macrocyclization for plant cyclic peptides. 100 

The first isolation and characterization of a macrocyclizing AEP was from the legume 101 

Clitoria ternatea (Nguyen et al., 2014). An AEP capable of macrocyclization was isolated 102 
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from native protein fractions from Clitoria ternatea pods using a substrate that assayed for 103 

cyclizing ability (Nguyen et al., 2014). Named after the local name of the plant, bunga telang, 104 

Butelase 1 is an AEP purported to have fully specialized as a ligase and lost any cleavage 105 

activity. A plant extract of this C. ternatea AEP was capable of cyclizing several non-native 106 

substrates with the strict requirement of a C-terminal His-Val dipeptide following the Asn 107 

residue recognised for cleavage. Mutating the Asn residue to Asp or removing one or both of 108 

the C-terminal residues dramatically reduced its cyclizing ability (Nguyen et al., 2014). 109 

Homology based modelling of Butelase 1 suggested that a putative extended C-terminal 110 

domain could contribute to its ligase activity by binding the cleaved substrate at the active 111 

site and protecting the acyl intermediate from hydrolysis in a similar manner to PatG, a 112 

cyanobacterial serine protease capable of cyclization (Koehnke et al., 2012; Nguyen et al., 113 

2014). The C. ternatea-extracted AEP was highly efficient and has been subsequently used to 114 

cyclize or ligate and impressive host of non-native targets (Nguyen et al., 2015; Hemu et al., 115 

2016; Nguyen et al., 2016a; Nguyen et al., 2016b), however attempts by Nguyen et al. (2014) 116 

to generate recombinant protein failed, limiting its potential for commercial use. A second 117 

AEP from C. ternatea was recently produced recombinantly and characterised, but could only 118 

perform cleavage reactions (Serra et al., 2016). 119 

Jack bean AEP had been shown to have transpeptidation ability in the synthesis of 120 

concanavalin A (Min & Jones, 1994; Sheldon et al., 1996) and was later found to be capable 121 

of macrocyclization reactions with precursor substrates for the macrocycle from sunflower, 122 

SFTI-1 (Bernath-Levin et al., 2015). SFTI-1 has an unusual biosynthetic origin as its 123 

sequence is buried in a preproprotein that codes for two unrelated proteins; SFTI-1 and a seed 124 

storage protein albumin (Mylne et al., 2011). The processing of SFTI-1 from its precursor 125 

was predicted to be performed by an AEP as the sequence is flanked by Asn residues and 126 

albumins are known to be processed by AEPs. A study by Bernath-Levin et al. (2015) 127 

illustrated the role AEP could play in the synthesis of SFTI-1 using recombinant AEPs. The 128 

ability to produce recombinant AEP in E. coli allowed for the macrocyclization reaction to be 129 

reconstituted in vitro with pure substrate and homogenous enzyme. Although most 130 

recombinant AEPs investigated only cleaved the peptide substrate, jack bean AEP could 131 

cleave as well as perform a cleavage-coupled macrocyclization to form SFTI-1 suggesting a 132 

similar AEP from sunflower performs this reaction. The predicted mechanism of SFTI-1 133 

biosynthesis requires three cleavages and the recognition of both Asp and Asn by AEP. The 134 

first cleavage is Asn-specific and separates an 18-residue pro-peptide from the proalbumin 135 
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precursor by cleaving at Asn residues that flank the SFTI-1 sequence N- and C- terminally. A 136 

second AEP cleavage recognizes Asp14 in a macrocyclization reaction to produce the 14-137 

residue SFTI-1, releasing a C-terminal Gly-Leu-Asp-Asn tail (Bernath-Levin et al., 2015). 138 

Any acyclic product formed via a cleavage reaction was readily degraded in the in situ assays 139 

(Bernath-Levin et al., 2015). This highlighted the importance of macrocyclization of SFTI-1 140 

by AEP. Furthermore, upon cyclization, the Gly1-Asp14 ligation point became unrecognizable 141 

by AEP for cleavage so the macrocyclization reaction cannot be reversed by the AEP that 142 

made it (Bernath-Levin et al., 2015). Thus, the cyclic structure, which results in protection 143 

against exoproteases, is further stabilized by resistance to endoproteases. This resistance to 144 

cleavage by AEP is predicted to be due to the position of the Asp residue no longer being 145 

able to adopt a beta-strand conformation, which proteases require to recognize and bind a 146 

target site (Tyndall et al., 2005). 147 

The first example of an AEP that macrocyclized its native substrate was from O. affinis 148 

which processed the cyclic peptide kalata B1 (Harris et al., 2015). Kalata B1 is the prototypic 149 

member of a large and widespread family of plant cyclic peptides. The processing of kalata 150 

B1 and its relatives was predicted to be performed by AEPs due to the presence of a highly 151 

conserved Asn residue at the proto-C-terminus of each peptide domain of the precursor 152 

(Jennings et al., 2001). Four AEP transcripts were identified and the protein encoded by one 153 

was made and shown to mature kalata B1 from a precursor peptide (Harris et al., 2015). The 154 

sequence of this active, recombinant O. affinis AEP was experimentally defined and lacked 155 

the putative extended C-terminal domain of Butelase 1, suggesting extra C-terminal residues 156 

in the mature enzyme are probably not what makes it an efficient at macrocyclization. The 157 

AEP studied could only perform the C-terminal processing of kalata B1; a second enzyme is 158 

required for N-terminal processing that must occur before C-terminal processing by AEP. 159 

The authors demonstrated the macrocyclization was dependent on a C-terminal Asn-Gly-Leu 160 

AEP recognition motif and removal of the Leu prevented cyclization. This supports previous 161 

findings investigating kalata B1 cyclization showing the importance of the C-terminal tail 162 

residues for cyclization through mutagenesis (Gillon et al., 2008; Conlan et al., 2012).  163 

III. Mechanism of macrocyclization by AEPs 164 

The three studies investigating cyclizing AEPs have provided valuable insight into the 165 

mechanism of cyclic peptide biosynthesis. The proposed mechanism of macrocyclization by 166 

AEPs is an intramolecular transpeptidation reaction that energetically couples cleavage of a 167 
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C-terminal tail to the transpeptidation reaction (Fig. 1). This was demonstrated through the 168 

use of substrates lacking a C-terminal region trailing the Asn/Asp residue targeted by AEP 169 

for macrocyclization showing that cleavage of the C-terminal tail is linked to the 170 

macrocyclization reaction (Nguyen et al., 2014; Bernath-Levin et al., 2015; Harris et al., 171 

2015). The possible alternative mechanism of hydrolysis followed by ligation was addressed 172 

using 
18

O-water. If hydrolysis took place, there would be an opportunity for 
18

O to be 173 

incorporated into the cyclic product resulting in a measurable difference in mass, but no mass 174 

difference was observed for macrocyclized products (Bernath-Levin et al., 2015; Harris et al., 175 

2015). In the proposed hydrolysis-independent transpeptidation reaction leading to 176 

macrocyclization, rather than using water as a nucleophile AEP uses an amino terminus. The 177 

use of capped N-terminal amine substrates illustrated how, by blocking this nucleophilic 178 

attack, cyclization could be inhibited and hydrolysis of the thioester intermediate favoured 179 

(Nguyen et al., 2014; Harris et al., 2015). It seems likely that AEPs may favour nucleophilic 180 

attack of a substrates N-terminus over hydrolysis through the combination of a variety of 181 

factors including C-terminus interactions and active site hydrophobicity, especially given that 182 

substrates lacking disulfide bonds have been shown to be readily macrocyclized (Nguyen et 183 

al., 2014; Harris et al., 2015). 184 

A ligation capability has also been reported in vitro for human AEP (Dall et al., 2015), but it 185 

is not known if this is physiologically relevant. The cleavage-coupled transpeptidation 186 

reaction proposed for macrocyclizing plant AEPs differs from the mechanism of ligation for 187 

human AEP in which the ligation reaction is predicted to occur independently of the cleavage 188 

reaction and the active site Cys. The ligation ability of human AEP is said to result from a pH 189 

dependent conversion of an Asp residue to succinimide, which acts as coupling reagent for 190 

peptide bond synthesis (Dall et al., 2015). 191 

Despite a greater understanding of the mechanism, it is still unclear what changes in sequence 192 

and structure help AEPs perform macrocyclization efficiently, but based on the high degree 193 

of similarity and lack of indels seen in an alignment of macrocyclizing and non-194 

macrocyclizing AEPs, it is bound to be a subtle change (Bernath-Levin et al., 2015). 195 

Currently, there are no three dimensional structures available for plant AEPs to provide 196 

structural insights into the mechanism of macrocyclization. However, the crystal structures of 197 

human and mouse AEPs in their active and inactive forms were recently published (Dall & 198 

Brandstetter, 2013; Zhao et al., 2014). These structures have 53.9 and 54.3% amino acid 199 

sequence identity, respectively, to A. thaliana over the catalytic-domain and have been used 200 
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to construct tentative models of plant AEPs (Nguyen et al., 2014; Santana et al., 2016). Given 201 

the moderate sequence similarity between plant and mammalian AEPs and their analogous 202 

pH dependent activation, it is expected that plant AEPs will adopt a similar architecture with 203 

the exception being predicted to arise through the insertion of an extended poly-proline loop 204 

in the substrate specificity loop (Shafee et al., 2015). Moreover, it is likely that subtle 205 

structural differences within and around the active site are responsible for the different 206 

catalytic mechanisms each AEP is capable of. A sequence comparison of plant AEPs with 207 

those residues integral to the catalysis by mouse and human AEPs (Fig. 2) illustrates that the 208 

majority of non-conserved amino acid residues between plant and mammalian AEPs are 209 

found in the previously annotated substrate specificity region. Comparison of O. affinis to 210 

human AEP showed different substrate requirements for cleavage further suggesting that 211 

differences in the substrate specificity loop could be the main determinant of activity (Harris 212 

et al., 2015). Future structural studies are needed to identify the residues responsible for the 213 

ability some plant AEPs have to macrocyclize. 214 

IV. Conclusions 215 

AEPs have been recruited for processing of cyclic peptides multiple times during plant 216 

evolution. The kalata-type cyclic peptides, cyclic knottins and the PawS-type all have 217 

independent evolutionary origins. The emergence of the biosynthesis of TIPTOP-derived 218 

cyclic peptides resulted from the new recruitment of AEP for synthesis as their acyclic 219 

predecessors did not require AEP for synthesis. The SFTI-1-producing lineage appears to 220 

have co-opted the pre-existing processing machinery of seed storage albumins. In this way, a 221 

new protein evolved with a completely different function to the host protein. It is clear from 222 

these examples that the evolution of macrocyclizing AEPs was essential for the synthesis of 223 

these cyclic peptides in plants. The ability to form a cyclic structure is likely selected for as it 224 

imparts stability though minimizing degradation by exoproteases. With the recent discovery 225 

and characterization of macrocyclizing AEPs we have gained a greater understanding of the 226 

biochemical mechanism. It remains to be shown which changes in structure enable 227 

macrocyclization in addition to (or instead of) the standard endopeptidase activity and how 228 

much the substrate contributes to a cyclic peptide outcome.  229 
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Figure captions 344 

Figure 1. Predicted mechanism of the macrocyclization reaction by plant AEPs using SFTI-1 345 

and kalata B1 as examples. 346 

(A) Acyclic precursor peptides prior to cyclization are shown following processing from a 347 

preproprotein.  348 

(B) The predicted mechanism of macrocyclization involves a cleavage-coupled 349 

transpeptidation reaction. The Cys sulfhydryl group is deprotonated by the His residue 350 

allowing for the Cys sulphur to serve as a nucleophile for attack on the carbonyl carbon of the 351 

Asp or Asn residue of the precursor peptide resulting in the cleavage of the tail sequence 352 

upon formation of an acyl intermediate. The His once again acts as a base to deprotonate the 353 

N-terminal Gly residue which serves as a nucleophile to resolve the acyl intermediate and 354 

form a new peptide bond and; 355 

(C) The macrocyclic products. 356 

  357 
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358 
Figure 2. Sequence comparison of the catalytic centre and substrate specificity loop of AEPs 359 

as annotated by Dall and Brandsetter (2013). 360 

(A) Summary of the residues involved in structural formation of the AEP active site in 361 

mammalian AEPs compared with plant AEPs. The catalytic centre (green) with the catalytic 362 

triad Asn, His and Cys (bold) shows high conservation across all residues (yellow 363 

background indicates conserved, dark grey indicates strongly similar properties, light grey 364 

indicates similar properties, white indicates non-conserved). Most differences between AEP 365 

active sites are within the substrate-specificity loop (blue).  366 

(B) Cartoon representation of human AEP (PDB: 4AWB) active site with catalytic centre 367 

(green) and substrate specificity loop (blue) shown with sticks and catalytic triad labelled  368 

(C) Surface representation of human AEP similarly coloured as in panel (B). Sequence 369 

analysis was carried out on predicted catalytic domain regions with ClustalO with A. thaliana 370 

used as the reference sequence. Accession numbers: P49047, ALG36103, AIB06797, 371 

P49046, AIZ09514, O89017, Q99538. 372 


