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Abstract 

Plant asparaginyl endopeptidases (AEPs) are versatile enzymes that are capable of 

cleaving or performing a transpeptidation reaction on the carboxyl-terminal side of 

asparagine or aspartate residues in proteins and peptides. The transpeptidation reaction 

can be inter- or intra-molecular, resulting in ligation or cyclisation respectively. 

Although it has been nearly three decades since the first in-depth characterisation of an 

AEP that was extracted from the jack bean plant (Canavalia ensiformis) (1, 2), this 

family of enzymes has risen to prominence only in the past few years due to the 

discovery of an AEP that is hyper-efficient at transpeptidation, namely butelase 1, 

which is from the butterfly pea (Clitoria ternatea) (3, 4). The AEPs that are efficient 

transpeptidases are sometimes referred to as Peptide Asparaginyl Ligases. With 

transpeptidation efficiency now the focal point of interest, much effort has been 

invested into discovering or characterising more plant AEPs to turn them into protein 

engineering tools for biotechnological and pharmaceutical applications. 

This thesis details the efforts undertaken to better understand how AEPs function. As an 

introduction to AEP function in plants, the catalytic outcomes of plant AEP processing 

are discussed in a literature review in Chapter 1. These include routine cleavage by 

bond hydrolysis, peptide maturation by cleavage or macrocyclisation, and the unique 

protein circular permutation. Key findings of the structural features of the AEP active 

site that determine their preference for cleavage or transpeptidation and catalytic 

efficiency are discussed as well. The description of the determinants of AEP function in 

this chapter is a summary of work done by others and the work described in Chapters 

2, 5, and 6 of this thesis. The literature review in Chapter 1 has been accepted by 

Biochemical Society Transactions (Nonis, Haywood and Mylne, 2021, DOI: 

10.1042/BST20200908). 

One of the most interesting AEP-mediated protein modifications is the circular 

permutation of concanavalin A (conA), a lectin found in jack bean seeds. This 

modification involves the shuffling of the amino acid sequence of conA, whereby the 

N-terminal and C-terminal halves of the conA precursor are swapped to produce the 

mature form. Despite the rearrangement of the primary sequence, conA function was 

assumed to be unaffected as the tertiary structure was speculated to be largely similar. 

In Chapter 2, we describe the first structure for the conA precursor (pro-conA) and 

compare it to the many known structures for mature conA. Our work here shows that 
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conA circular permutation results in improved thermal and pH stability, which may be 

the consequence of differences in the quaternary structure of pro-conA and conA. We 

also describe the structure of jack bean AEP, which we show to be capable of fully 

maturing conA from pro-conA in vitro. Drawing on recent knowledge obtained from the 

elucidation of several other AEP structures, we examined what about jack bean AEP 

lets it perform both cleavage and transpeptidation reactions on pro-conA. Chapter 2 

was published in The Plant Cell (Nonis, Haywood, Schmidberger, Mackie, Soares da 

Costa, Bond, and Mylne, 2021, DOI: https://doi.org/10.1093/plcell/koab130). 

Preliminary studies in Chapter 3 indicated that AEP/s in the seeds of Zinnia haageana 

carry out efficient transpeptidation at aspartate residues, which contrasted with all other 

characterised AEPs in the literature, whereby efficient transpeptidation occurs at 

asparagine residues. Discovering an AEP that is efficient at catalysing transpeptidation 

at aspartate residues would not only allow us to add another molecular tool to the 

bioengineer’s toolbox but also make it possible to compare structures of AEPs with 

different target residue preferences at the cleavage site. Chapter 3 details the 

bioinformatics analysis of Z. haageana transcriptomic data, and the recombinant 

production of the most abundant AEP identified. However, subsequent biochemical 

analysis with a non-native substrate found that this AEP appears to be a typical cleaving 

AEP with strong Asn preference. Further research is needed to understand the 

preference of AEP for asparagine versus aspartate residues. 

Chapter 4 summarises the major conclusions from each chapter (including the chapters 

in the Appendix) and discusses the potential impact of the knowledge gained from 

research on AEPs and on protein circular permutation. Also discussed are the potential 

experiments that can be conducted to build on our understanding of how AEPs function 

and the consequences of the only known example of protein circular permutation. 

Chapters 5 and 6 are included in the Appendix as the published work described in 

these chapters were led by my colleagues, Joel Haywood and Amy James. 

A crucial piece of experimental evidence that was missing during the early stages of 

plant AEP structural analyses was that of the binding and orientation of peptide 

substrates to the AEP active site. The first structural analysis that was based on 

structural evidence of a plant AEP from Oldenlandia affinis attributed a most interesting 

‘Gatekeeper’ function to an important amino acid residue (Yang et al., 2017), which 
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now seems very unlikely in light of the structural determination of a substrate-bound 

AEP isolated from the common sunflower (Helianthus annuus), as detailed in 

Chapter 5. This speculative ‘Gatekeeper’ function was further disproven by structural 

analysis of another substrate-bound AEP from Arabidopsis thaliana (Zauner et al., 

2018, JBC). Despite the likely error in the determining the function of the misnamed 

‘Gatekeeper’ residue, the importance of the residue at this position is not disputed as it 

has been proven to play a key role in determining the preferred AEP activity. As this 

sunflower AEP performs macrocyclisation of a natural peptide substrate, Sunflower 

Trypsin Inhibitor 1, the elucidation of a substrate-bound AEP in Chapter 5 allowed us 

to describe the structural basis for peptide backbone macrocyclisation in plants. This 

serves as a foundation for the engineering of superior macrocyclising enzymes, which is 

crucial for the development of novel macrocyclic peptides for potential use in 

agriculture and medicine. Chapter 5 was published in eLife (Haywood, Schmidberger, 

James, Nonis, Sukhoverkov, Elias, Bond, and Mylne, 2018; DOI: 

10.7554/eLife.32955.001). 

In an effort to make sense of the versatility of various AEPs found in nature, a tendency 

to classify enzymes as proteases or ligases began to appear in the literature. However, as 

more AEP homologs were uncovered, it seemed less prudent to rely on this 

dichotomous classification system. Many AEPs have different pre-dominant 

protease/ligase activity depending on the pH condition and the substrate. In Chapter 6, 

we demonstrate through in vitro and in vivo experiments that butelase 1, which was said 

to evolve to function as a ligase, retains the ability to cleave. This, and the fact that 

transpeptidation is a cleavage dependent reaction, further highlights the confusion that 

may arise from the use of the protease/ligase classification system. In this work, we 

solve the structure of butelase 1, allowing us to better understand the subtle differences 

that exist between the active sites of AEPs that function mainly as proteases and AEPs 

that are capable of efficient transpeptidation. Chapter 6 was published in The Plant 

Journal (James, Haywood, Leroux, Ignasiak, Elliot, Schmidberger, Fisher, Nonis, 

Fenske, Bond, and Mylne, 2019; DOI: 10.1111/tpj.14293). 
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Review Article

Plant asparaginyl endopeptidases and their
structural determinants of function
Samuel G. Nonis1,2, Joel Haywood1,2 and Joshua S. Mylne1,2
1School of Molecular Sciences, The University of Western Australia, 35 Stirling Highway, Crawley, Perth 6009, Australia; 2The ARC Centre of Excellence in Plant Energy Biology,
The University of Western Australia, 35 Stirling Highway, Crawley, Perth 6009, Australia

Correspondence: Joshua S. Mylne ( joshua.mylne@uwa.edu.au)

Asparaginyl endopeptidases (AEPs) are versatile enzymes that in biological systems are
involved in producing three different catalytic outcomes for proteins, namely (i) routine
cleavage by bond hydrolysis, (ii) peptide maturation, including macrocyclisation by a
cleavage-coupled intramolecular transpeptidation and (iii) circular permutation involving
separate cleavage and transpeptidation reactions resulting in a major reshuf!ing of
protein sequence. AEPs differ in their preference for cleavage or transpeptidation reac-
tions, catalytic ef"ciency, and preference for asparagine or aspartate target residues. We
look at structural analyses of various AEPs that have laid the groundwork for identifying
important determinants of AEP function in recent years, with much of the research
impetus arising from the potential biotechnological and pharmaceutical applications.

Introduction
Asparaginyl endopeptidases (AEPs) are cysteine proteases of the C13 family (clan CD) that cleave at
the carboxyl-terminal side of Asx (Asp or Asn). First discovered in legume plants [1], these enzymes
were thus categorised as legumains (EC 3.4.22.34) [2] and are referred to as such, even for mammalian
orthologues [3,4]. AEPs are widely distributed in land plants, where they are also sometimes called
vacuolar processing enzymes due to their localisation in vacuoles and their role in processing vacuolar
proteins [1,5].
The discovery of butelase-1, an extremely ef!cient AEP (catalytic ef!ciency of up to 1 340

000 M!1 s!1 on a non-native substrate) [6,7] that forms peptide bonds via a cleavage-coupled trans-
peptidation reaction, has led to a surge of interest in AEPs. Transpeptidation is an ATP-independent
reaction. The putative mechanism in AEP involves an initial cleavage reaction, where an acyl-enzyme
intermediate is !rst formed between the catalytic cysteine and the carbonyl carbon of the substrate P1
residue (nomenclature according to Schechter and Berger [8]). This intermediate is then resolved by
nucleophilic attack by either a water molecule or a nearby N-terminal !-amine, resulting in hydrolysis
or aminolysis (transpeptidation), respectively [9,10]. Transpeptidation by plant AEPs is often intramo-
lecular, in that the free N-terminal nucleophile originates from the same molecule in which the initial
cleavage reaction occurs, resulting in peptide macrocyclisation. Many plant AEPs are therefore often
referred to as cyclases as well. The term AEP is used to emphasise inherent peptidase activity, but the
discovery of AEPs with ef!cient transpeptidase activity has led to certain AEPs being referred to as
ligases or Peptide Asparaginyl Ligases instead; this is useful in emphasising the most notable enzyme
activity but introduces a grey area for AEPs that have different enzyme ef!ciency and dominant activ-
ity depending on the pH and substrate [10–15].
Perhaps !tting for an enzyme with so many names, AEPs are also involved in processing a wide

range of proteins in plants. They have been proposed to activate other proteases involved in seed
storage protein processing [16]. Their role in vacuolar rupture to initiate a proteolytic cascade in pro-
grammed cell death has also been hypothesised to be through the activation of other vacuolar
enzymes [17]. AEPs were for some time believed to also play a role in protein degradation during
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plant senescence, a process closely related to programmed cell death, but that has been disproven [18]. Here,
we discuss the more well-characterised types of modi!cations performed by AEPs, including the maturation of
seed storage proteins by hydrolysis, peptide processing and macrocyclisation, and the unique circular permuta-
tion of concanavalin A. Additionally, in light of knowledge generated from the recent wave of AEP structural
analyses, we summarise recent studies on the structural features of AEP that in"uence their ability to perform
transpeptidation.

Maturation of seed storage proteins by hydrolysis
Seed storage proteins are a source of amino acids and elemental nutrients for the plant during germination
[19]; they make up to half of the seed protein content and have no apparent function during seed development
[20,21]. As the !rst systematic study on seed storage proteins was carried out by a chemist [22], these proteins
were broadly classi!ed based on a chemical property — their solubility in various solvents, namely the water-
soluble albumins, salt-soluble globulins, alcohol-soluble prolamins, and acid- or alkali-soluble glutelins.
Depending on the plant species, different types of storage proteins predominate [20,21].
It was the investigation into the maturation process of globulins that led to the discovery of asparagine-

speci!c thiol proteases [1,23], which we now refer to as AEPs. During seed development, AEPs are thought to
degrade unassembled or misfolded proteins [24], and have been shown to cleave seed storage proteins to facili-
tate their oligomeric assembly for !nal deposition in seeds [25–27]. AEP involvement in seed storage matur-
ation was demonstrated in vivo with an Arabidopsis thaliana AEP quadruple knockout line, which produced
alternatively processed storage proteins [28], that could be fully or partially rescued by transgenic expression of
native and even non-native AEPs [29] (Figure 1A). The altered storage protein pro!le in the absence of AEPs
is a combination of failure to cleave at the usual cut sites and abnormal cleavage at other sites by other pro-
teases [30]. This is illustrated by the inability for 11S globulin to adopt the mature oligomeric complex con-
formation in the absence of AEP cleavage and is thus exposed to digestion by other proteases [31].
Unexpectedly, the altered seed storage protein pro!le in the AEP knockout A. thaliana line appears not to
affect plant viability or development in any detectable way [28,30]. It remains to be seen if phenotypic effects
can be discerned in AEP-de!cient mutant plants when exposed to various stresses.

Peptide processing and macrocyclisation
Macrocyclic peptides are small backbone-cyclic peptides. These plant peptides are structurally diverse and typ-
ically less than 40 amino acids in size (Figure 1B). They are categorised into four broad classes: cyclotides or
kalata-type cyclic peptides (e.g. kalata B1), which contain an embedded cystine knot of three disul!de bonds
that can interact with lipid membranes [32]; cyclic knottins (e.g. MCoTI-II), often grouped with cyclotides as
they also contain a cystine knot, but are more closely related to acyclic knottins and are protease inhibitors
[33,34]; Preproalbumin with SFTI (PawS)-Derived Peptides (PDPs) (e.g. SFTI-1 and PDP-23), which are genet-
ically embedded in the seed-storage albumin gene and contain one disul!de bond [35–37] while just PDP-23
contains two [38]; and orbitides (e.g. PLP-2), which are 5–16 amino acids in size and lack disul!de bonds
[39,40]. The albumin-buried PLP orbitides appear to be evolutionary precursors of PDPs, and some PDPs have
gained the ability to inhibit proteases as well [41,42]. Due to their observed in vitro bioactivity, many macrocyc-
lic peptides are thought to confer resistance to pests and pathogens [32,35,43–46]. Macrocyclic peptides have
also garnered considerable interest as drug scaffolds [47,48] as their small size, constrained rigid structure and
absence of termini make them highly resistant to thermal, chemical, or enzymatic breakdown [33,36,49,50].
One of the most interesting scaffolds is that of the recently discovered and unusual PDP-23 (Figure 1B), which
forms a symmetrical homodimer that dissociates upon interacting with membranes [38].
In nature, macrocyclic peptides are produced either by thioesterase-mediated non-ribosomal peptide synthesis

[51] or by post-translational modi!cation of ribosomally synthesised linear peptide precursors [9,10]. The latter
process, which produces all four classes of macrocyclic peptides mentioned above, involves excising a short
peptide from a protein chain via two cleavage reactions. AEP involvement in peptide macrocyclisation was
initially inferred from a highly conserved Asx residue at the proto-C-terminus of peptide precursors [52–54].
This was con!rmed in vivo by macrocyclisation of transgenic macrocyclic peptide precursors in plants devoid of
macrocyclic peptides and demonstrating that inhibiting/silencing endogenous AEPs in the transformed plant
results in failure to macrocyclise these precursors [34,37,55]. Several plant AEPs have since been characterised
and shown to carry out peptide macrocyclisation in vitro [6,9,10,13,14,56]. Furthermore, a plant-based
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expression system has been recently developed, whereby transgenic AEPs and peptide precursors are
co-expressed to produce macrocyclic peptides [57]. Orbitides are a diverse class, and cyclisation of some have
been shown to be mediated by the serine protease peptide cyclase 1 in some plant species [58,59], but analogy
to the PDPs and sequence conservation in the recently discovered large PLP family of orbitides suggest AEP
involvement for these [46]. These !ndings suggest that macrocyclic peptides evolved by exploiting an
already-existing biochemical machinery in plants [55]. It was hypothesised that this evolutionary convergence on
AEPs was due to the reactive thioester acyl-intermediate that AEPs form after cleavage of the scissile peptide
bond, and how the active site is structured to encourage interactions with an N-terminal nucleophile instead of
water [34]. Cleavage at the proto-N-terminus of the peptide must therefore occur !rst so that it can participate
in cleavage-coupled transpeptidation reaction at the proto-C-terminus [9,10,34,37,55]. Besides the conserved
proto-C-terminal Asx residue, other hallmarks of AEP-mediated macrocyclisation are the highly conserved
proto-N-terminal glycine, the small P10 residue and the hydrophobic P20 leucine [34].

The conserved Asx processing sites are found in acyclic peptides as well. PDP-10 (Figure 1B) is an example of
a peptide similar to SFTI-1 but appears to undergo AEP-mediated hydrolysis rather than transpeptidation [36].
A recently discovered large group of non-cyclic peptides known as vicilin-buried peptides (e.g. C2) also contain

Figure 1. Types of modi!cations by plant AEPs.
(A) AEPs process seed storage proteins. Total seed protein pro"le examined by SDS-PAGE demonstrate that expression of
AtAEP2 (lane 2) and HaAEP2 (lane 3), which are inef"cient transpeptidases, fully rescue the seed protein pro"le of A. thaliana
aep quadruple null mutant (lane 4), resulting in a wild type seed protein pro"le (WT, lane 1). Expression of butelase 1, which is
an ef"cient transpeptidase, only partially rescues the seed protein pro"le (lane 5). Asterisks indicate alternatively processed
proteins. Refer to previous study for details [29]. (B) AEPs are implicated in the processing of a variety of cyclic and acyclic
peptides. Examples of macrocyclic peptides include the orbitide PLP-2 (PDB: 6AXI), the PawS-Derived Peptides SFTI-1 (PDB:
6U7S) and PDP-23 [38], the cyclic knottin MCoTI-II (PDB: 1IB9), and the cyclotide kalata B1 (PDB: 1NB1). Examples of acyclic
peptides include PDP-10 (PDB: 2NB6) and the vicilin-buried peptide C2 (6WQL). PDP-23 is unique among PDPs as it has two
disul"de bonds. (Proto)-N-terminus shown in red. (Proto)-C-terminus shown in black. (C) Circular permutation of concanavalin
A (conA) by jack bean AEP. AEP excises "fteen amino acids in the middle of the conA precursor and ligates the two
proto-termini via a separate transpeptidation reaction, which involves cleaving off nine amino acids at the C terminus. Amino
acids that are cleaved off are shown in grey in the precursor.

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 3

Biochemical Society Transactions (2021)
https://doi.org/10.1042/BST20200908

4



the conserved Asx processing sites [60]. These peptides are characterised by disul!de bonds forming between
CXXXC motifs. Over 20 years ago, the prototypic member of what would be later called the vicilin-buried
peptide family was shown in vitro to be matured by AEP cleavages [61], but the trypsin-inhibitory activity it
displayed in 1999 was not reproducible with a synthetic version [62].

Circular permutation of concanavalin A
Concanavalin A (conA), found in the seeds of jack bean plants (Canavalia ensiformis), is a carbohydrate-
binding protein (lectin) that binds speci!cally and reversibly to mannose and glucose [63]. Even though conA
has been functionalised in many ways with widespread use especially in glycoprotein puri!cation [63–69],
conA function in vivo is far from certain. ConA has been hypothesised to be involved in seed storage and plant
defence, and their likely roles are mostly inferred from studies on other legume lectins [70–73]. The biosyn-
thesis of conA and the highly-similar conA-like lectins found in plants that, like C. ensiformis, belong to the
Diocleinae subtribe, involve a maturation process that employs the only known example of post-translational
circular permutation in nature [74].
ConA circular permutation represents not only one of the earliest examples of protein splicing observed in

nature [75,76], but also offered the !rst hint of the existence of an enzyme capable of transpeptidation in
higher organisms [77]. Consequently, the jack bean AEP was one of the !rst AEPs to be studied extensively
[78,79]. Circular permutation of conA involves cleaving the precursor of conA in the middle and ligating the
two original termini via a transpeptidation reaction, resulting in a shuf"ing of the primary sequence such that
the two halves of the protein are swapped [75] (Figure 1C). Circular permutation does not affect the general
tertiary structure of conA or its functional sites, which is re"ected in the apparently similar carbohydrate-
binding abilities between conA and its precursor [73]. However, conA was recently shown to be more thermal
and pH stable than its precursor in vitro, with a difference in complex formation in the crystal structures pro-
viding a possible explanation, revealing a functional consequence for what has been thought to be an inconse-
quential modi!cation since its discovery 35 years ago [73,75].

AEP structure
AEPs are synthesised in the inactive form consisting of the N-terminal ‘core’ domain, which contains the active
site, and a smaller C-terminal auto-inhibitory ‘cap’ domain, which is also termed the Legumain Stabilisation
and Activity Modulation domain as it blocks access to the active site, conferring enzymatic latency and protein
stability at neutral pH conditions (Figure 2) [80]. Conversion of AEP into the active form has been studied in
exquisite detail in two isoforms of A. thaliana AEP (AtAEP2 and AtAEP3) [80–82]. AEP activation occurs via
autocatalytic cleavage around a "exible linker region between the cap and core domains, and requires disrup-
tion of electrostatic interactions between the two domains under acidic conditions [80–82].
The catalytic triad (or dyad) of all AEPs are structurally conserved (Figure 3). The catalytic cysteine was con-

!rmed by covalent linking with a peptidic chloromethylketone-based inhibitor in human AEP [3]. The imid-
azole group of the catalytic histidine has been hypothesised to act as a general base. It has been proposed to
activate the catalytic cysteine by deprotonating the cysteine thiol sidechain [83]. However, all plant AEP struc-
tures solved so far show that the catalytic cysteine and histidine sidechains are more than 5.4 Å apart. The cata-
lytic histidine more likely acts upon the carbonyl carbon of the substrate directly or via a catalytic water in a
pH-dependent manner [3,84]. In either scenario, the result is an acyl-enzyme intermediate that is resolved by
hydrolysis or transpeptidation. A nearby asparagine makes up the last residue of the catalytic triad. It was
hypothesised to facilitate substrate deprotonation by in"uencing the orientation of the catalytic histidine [85],
but was shown to be a non-crucial catalytic residue in other cysteine proteases [86]. Studies on sun"ower AEP1
(HaAEP1), a predominant hydrolase, showed that a catalytic cysteine to serine mutation abolished enzyme
activity, a catalytic histidine to alanine mutation drastically reduced activity, and a catalytic asparagine to
alanine mutation resulted in a higher transpeptidation to hydrolysis ratio [11].

Structural features that in!uence AEP function
Unlike the specialised enzyme PatG, which evolved an additional dedicated protein domain to facilitate trans-
peptidation in cyanobacteria by shielding its reaction intermediates from water [87], AEPs that are ef!cient at
transpeptidation do not possess an obvious additional domain. The structural features that convert an AEP
from a predominant protease to a predominant transpeptidase must be discerned from subtle differences in the
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substrate-binding pocket. Delineation of the substrate-binding sites was made possible by the structural elucida-
tion of activated plant AEPs in covalent complex with various substrates [11,12].
To facilitate comparison of equivalent residues amongst different AEPs, all residue numberings used in this

review are based on the butelase 1 sequence. Residues around the active site have been proposed to facilitate
interaction between the acyl-enzyme intermediate and the N-terminal nucleophile. Asn59, which is part of the
catalytic triad, and Glu208 (Figure 3) were shown to in"uence transpeptidation ef!ciency in HaAEP1 [11].
Residue 59 was hypothesised to in"uence the conformational "exibility of the localised catalytic histidine, a
smaller sidechain here may therefore reduce steric hindrance for nucleophilic attack on the acyl-enzyme inter-
mediate by an incoming N-terminal residue [11]. Glu208 was shown in docking studies with an AtAEP to
form an ionic interaction with the N-terminal nucleophile [12] and was suggested to deprotonate the incoming
N-terminus in the transpeptidation reaction [11].
The primed region of the AEP active site, i.e. AEP residues that interact with substrate residues proceeding

the scissile peptide bond, has been hypothesised and corroborated with molecular dynamics analyses to
promote transpeptidation by maintaining af!nity with the cleaved substrate until they are displaced by an
incoming N-terminal nucleophile [12–14]. Mutating residue 167 in the S10 pocket (Figure 3) to an amino acid
with a small sidechain resulted in a higher transpeptidation/hydrolysis ratio and increased catalytic ef!ciency in
two AEPs from different plant species [13]. It was suggested that a bulky sidechain at this position interferes
with proper replacement of the leaving group by the N-terminal nucleophile, thus allowing water to enter the
active site [13]. The highly conserved hydrophobic P20 residue in cyclic peptide precursors [10,52,88] and the
conserved deep hydrophobic S20 pocket (residues 170, 172, 178, 180) (Figure 3) indicate that the S20-P20 inter-
action is crucial for transpeptidation. The depth of the S20 pocket is attributable to the lack of sidechain at
residue 172 and a large aromatic sidechain at residue 178. Molecular dynamic simulations showed that non-
hydrophobic P20 residues resulted in poor retention of residues C-terminal of the scissile bond [12]. Reduction
in hydrophobicity at the S20 pocket also negatively impacts cyclisation —HaAEP1 and AtAEP2, which have low
to intermediate cyclisation ef!ciencies, contain a histidine rather than an aromatic amino acid at residue 178
[9,11,12]. The S20 pocket was also hypothesised to shield the active site from water [56].

Figure 2. AEP structure.
Cartoon representation of inactive butelase 1 (PDB: 6DHI [29]) illustrating the core domain (wheat), cap domain (purple), !exible
linker region (green) and active site (red). Association of the cap and core domains occludes the active site, conferring inactivity
and stability. Dashed line in linker region represents region of low electron density.
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Figure 3. Structural features that in"uence AEP activity. Part 1 of 2
Cartoon and surface representation of the substrate binding site of butelase 1 (PDB: 6DHI [29]) from Clitoria ternatea (A),
Oldenlandia af!nis AEP1 (PDB: 5H0I [89] (B), and C. ensiformis AEP1 (PDB: 6XT5 [73]) (C). Catalytic residues cysteine (C),
histidine (H) and asparagine (N) are represented as black sticks and shaded in red. Residue 237butelase1, !5–"6 loop and
proline-rich loop (orange surface) are on the left of the active site and interact with substrate residues preceding the scissile
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Several residues in the non-primed region, i.e. AEP residues that interact with substrate residues preceding
the scissile peptide bond, have been shown to in"uence transpeptidation ef!ciency. Substrate af!nity, hypothe-
sised by some to positively in"uence transpeptidase activity, was attributed to the non-primed region [81].
However, the complex interplay amongst the residues in this region makes it dif!cult to rationalise mechanistic
explanations for their in"uence on AEP activity. Residue 237, the !5–"6 loop, and the proline-rich loop (also
previously referred to as the ‘Gate-keeper residue’, ‘Marker of Ligase Activity’, and ‘poly-proline loop’, respect-
ively) of the non-primed region have been the most widely discussed (Figure 3). One of the most proli!c single
point mutations was of that performed at residue 237 in Oldenlandia af!nis AEP1 (OaAEP1), which improved
cyclisation kinetics (kcat) by 160-fold [89]. However, mutating this residue to the same residues that are found
in other ef!cient transpeptidases resulted in poorer transpeptidation ef!ciency in OaAEP1 [6,13,89], but
improved cyclisation ratio of a dominant hydrolase in a Clitoria ternatea AEP [15]. In another study, mutating
residue 237 did not improve transpeptidation in a petunia AEP unless coupled with mutations in the !5–"6
loop [90]. This "exible !5–"6 loop was shown to in"uence the yield of macrocyclic peptides, but not the activ-
ity preference as the deletion of this loop in the dominant ligase OaAEP1 did not result in enhanced hydrolysis,
indicating that it likely in"uences substrate af!nity, but is not a determinant of AEP functional preference [90].
The large difference in !5-"6 loop size in two extremely ef!cient AEP transpeptidases, butelase 1 (Figure 3A)
and OaAEP1, (Figure 3B) suggests that transpeptidation ef!ciency is not necessarily correlated to the size of
the !5-"6 loop. Furthermore, AEPs that are inef!cient at transpeptidation, such as C. ensiformis AEP1
(Figure 3C), have a similar !5-"6 loop size to butelase 1. The more hydrophobic characteristic of the !5-"6
loop in butelase 1, as compared to other inef!cient transpeptidases, was postulated to be a distinguishing
feature of an ef!cient transpeptidase [90]. The conserved proline-rich loop has been shown to interact with the
substrate non-primed region [12]. However, it is not known if substrate-recognition at the proline-rich loop
in"uences transpeptidation ef!ciency.
AEP activity is also substrate- and condition-dependent [10–14]. AEPs such as HaAEP1 that have been

structurally and biochemically characterised as predominant peptidases have turned out to also have high cyclic
to linear product ratio when assayed with different substrates [14]. Asparagine/aspartate preference is
pH-dependent — aspartate was hypothesised to be accepted as a P1 residue below pH 5.5 because protonating
the aspartate carboxylic sidechain makes it sterically and electrostatically similar to asparagine, which is the pre-
ferred P1 residue at higher pH conditions [3,81,91]. Studies on AtAEP3 showed that transpeptidation activity is
typically con!ned to near-neutral pH conditions [80] where N-terminal amino groups are more likely deproto-
nated, either on their own or by a deprotonated catalytic histidine, and therefore able to perform nucleophilic
attack on the acyl-enzyme intermediate [11]. Zauner and colleagues [80] have hypothesised that the association
of the cap and core domain in AtAEP3 results in the exclusion of water from the active site, and that a depro-
tonated N-terminal nucleophile can interfere with this association to resolve the acyl-enzyme intermediate.

Conclusion
Recent studies highlight the fact that the preferred AEP activity and catalytic ef!ciency are dependent not only
on the structural features of a given AEP, but also on the nature of the substrate and the pH condition. This is
illustrated in the structural diversity of both the peptide substrates (Figure 1B) and AEP substrate binding sites
(Figure 3). Mutagenesis studies point to a complex interplay amongst residues of the non-primed region in the
AEP substrate binding site, as single substitution of a residue or a loop in this region do not consistently result
in the expected enhancement of transpeptidase activity, whereas multiple substitutions are more likely to do so
[14,56]. Nevertheless, developments in understanding AEP function, especially that of butelase 1 from Clitoria
ternatea and a mutant variant of OaAEP1 from Oldenlandia af!nis, have led to their use as protein engineering
tools especially for biotechnological and pharmaceutical applications [7,92–98]. These AEPs are ef!cient trans-
peptidases that leave only a P1 Asx residue and typically an aliphatic P200 residue, such as isoleucine, leucine or
valine, as processing artefacts [6,10,90,92]. The broad speci!city for any nucleophilic P100 amino acid except

Figure 3. Structural features that in"uence AEP activity. Part 2 of 2
peptide bond (non-primed region). Residues 167, 170, 172, 178, 180 and 208 (butelase 1 numbering) (cyan sticks) are on the
right of the active site and interact with substrate residues proceeding the scissile peptide bond (primed region). Residue
numbering for O. af!nis AEP1 and C. ensiformis AEP1 are based on butelase 1 numbering to facilitate comparison.
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proline [6,99] in the transpeptidation reaction makes AEPs ideal enzymes for a variety of protein or peptide
substrates. However, this promiscuity comes at a cost as ingenious workarounds are required to minimise
nucleophilic attack by the cleaved by-product [92,100,101]. The study and genetic engineering of AEP provides
an alternative to the chemical ligation of peptides and is therefore crucial for developing novel macrocyclic
peptides for use in agriculture and medicine. Even though applications of synthetic macrocyclic peptides have
to date been modest, much research continues to evaluate their potential as drug leads for human diseases
[102–105].

Perspectives
• Asparaginyl endopeptidases perform a variety of functions in plants. There is enormous

potential to harness their versatility for protein engineering, especially for the development of
peptidic compounds and drugs.

• Recent discoveries and developments have improved our understanding of the structural fea-
tures that can make an asparaginyl endopeptidase an ef"cient transpeptidase.

• This knowledge will aid not only our search for better transpeptidases but also the develop-
ment of the current known ones into effective biotechnological tools.
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Chapter 2: Structural and biochemical analyses of 

concanavalin A circular permutation by jack bean 
asparaginyl endopeptidase 

 

Preface 

Upon discovering that an asparaginyl endopeptidase (AEP) from the seeds of the jack 

bean plant (Canavalia ensiformis), CeAEP1, is capable of carrying out both cleavage 

and transpeptidation reactions (Bernath-Levin et al., 2015), we sought to gain a better 

understanding of how an enzyme performs both functions. To this end, we obtained the 

crystal structure of CeAEP1. We also sought to prove beyond doubt that CeAEP1 alone 

is able to carry out a separate cleavage and cleavage-coupled transpeptidation reaction 

on its native substrate, pro-concanavalin A (pro-conA), resulting in the circular 

permutation of the protein. By this time, five other plant AEP structures with varying 

transpeptidation efficiencies had been solved by us and other groups (two of which are 

described in Chapters 5 and 6). The knowledge gained from the structural elucidation 

of these other AEPs allowed us to identify important regions of the substrate-binding 

site in CeAEP1 and speculate on the roles of particular amino acids near the active site. 

We decided to investigate further into pro-conA maturation as well because of its 

historical relevance – it was the substrate that kick-started the interest in AEP and set 

the stage for its identity as a protein ‘ligase’. The discovery that conA undergoes 

circular permutation provided the first hint that an enzyme capable of ligating proteins 

existed in higher organisms, resulting in the discovery of CeAEP1 — the first AEP 

discovered (Bowles et al., 1986). We therefore decided to gain a structural 

understanding of the consequences of conA circular permutation. To our delight, pro-

conA was less thermal- and less pH-stable than mature conA. For more than three-

decades, it has been assumed that there are no functional consequences in the circular 

permutation of conA, but we now know thanks to our work that it improves conA 

stability. Based on investigations into the oligomeric state of pro-conA both in the 

crystal structure and in solution, we conclude that circular permutation of conA results 

in improved stability because of changes in the quaternary structure. This chapter was 

published in Plant Cell. 
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Abstract
Over 30 years ago, an intriguing posttranslational modification was found responsible for creating concanavalin A (conA),
a carbohydrate-binding protein from jack bean (Canavalia ensiformis) seeds and a common carbohydrate chromatography
reagent. ConA biosynthesis involves what was then an unprecedented rearrangement in amino-acid sequence, whereby the
N-terminal half of the gene-encoded conA precursor (pro-conA) is swapped to become the C-terminal half of conA.
Asparaginyl endopeptidase (AEP) was shown to be involved, but its mechanism was not fully elucidated. To understand
the structural basis and consequences of circular permutation, we generated recombinant jack bean pro-conA plus jack
bean AEP (CeAEP1) and solved crystal structures for each to 2.1 and 2.7 Å, respectively. By reconstituting conA biosynthe-
sis in vitro, we prove CeAEP1 alone can perform both cleavage and cleavage-coupled transpeptidation to form conA.
CeAEP1 structural analysis reveals how it is capable of carrying out both reactions. Biophysical assays illustrated that pro-
conA is less stable than conA. This observation was explained by fewer intermolecular interactions between subunits in
the pro-conA crystal structure and consistent with a difference in the prevalence for tetramerization in solution. These
findings elucidate the consequences of circular permutation in the only posttranslation example known to occur in nature.

Introduction
Concanavalin A (conA) is a seed lectin of the jack bean

plant (Canavalia ensiformis); it is a noncatalytic protein that
binds specific carbohydrates (monomers and oligomers of
mannose and glucose) reversibly and with high specificity
and moderate affinity (Lis and Sharon, 1998). Since its

discovery just over a century ago (Sumner, 1919), conA has
gained much interest due to its carbohydrate-binding prop-
erties (Bernhard and Avrameas, 1971; Dwyer and Johnson,
1981; Goldstein et al., 1997; Lis and Sharon, 1998; Locke et
al., 2014), and the unusual posttranslational circular permu-
tation it undergoes to become the mature form. The
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carbohydrate-binding of conA has seen it widely adopted in
chromatography where it is frequently immobilized on
sepharose and used to purify glycosylated biomolecules
bearing high-mannose type N-glycans, including glycopro-
teins, polysaccharides, and glycolipids (Ogata et al., 1975;
Saleemuddin and Husain, 1991). Despite a depth of struc-
tural knowledge, evidenced by over 60 jack bean conA
structures in complex with various ligands and metal ions,
the properties of conA precursor (pro-conA) and its matu-
ration are not fully understood.

The hypothesized biological roles of conA include involve-
ment in seed storage and plant defense. These are based
mostly on its ability to bind certain carbohydrates and in-
ferred from conclusions drawn from studies with legume
lectins having similar physicochemical properties (Sharon
and Lis, 1990). Lectins have been suggested to function as
packaging aids (Einhoff et al., 1986) or they might diffuse
out of seedlings during imbibition to protect against patho-
gens (Peumans and Van Damme, 1995). Lectins generally in-
teract with glycocomponents absent from plants, but found
on microbial surfaces or the digestive tract of insects
(Peumans and Van Damme, 1995; Lagarda-Diaz et al., 2017).
Lectins can resist proteolysis and can be insecticidal
(Melander et al., 2003; Macedo et al., 2007). With conA as
20% of jack bean seed storage protein (Dalkin and Bowles,
1983), it could also function as a defensive mechanism in
the metabolically inactive seed, but provide amino acids and
metal ions during germination.

The biosynthesis of conA involves a unique series of clea-
vages and a transpeptidation reaction on the carboxyl side
of asparagine residues, resulting in conA circular permuta-
tion (Figure 1A). ConA is synthesized as an inactive glyco-
protein precursor (pre-pro-conA; Herman et al., 1985),
where the N-terminal signal sequence is cleaved off cotrans-
lationally (Supplemental Figure S1). The N-linked glycan
inhibits carbohydrate-binding activity by pre-pro-conA in
the endoplasmic reticulum and appears to be required for
transport of pro-conA out of the endoplasmic reticulum
(Faye and Chrispeels, 1987). Its removal is catalyzed by either
an N-glycanase or endoglycosidase H (Sheldon and Bowles,
1992; Ramis et al., 2001). Deglycosylation is the only modifi-
cation necessary for pro-conA to acquire carbohydrate-bind-
ing ability (Min et al., 1992; Sheldon and Bowles, 1992;
Ramis et al., 2001). For brevity, we refer to deglycosylated
pro-conA simply as pro-conA. In the protein body compart-
ment, an intervening 15-amino acid peptide
(V120IRNSTTIDFNAAYN134) in the middle of the protein,
where the glycan group was initially attached, is proteolyti-
cally excised by asparaginyl endopeptidase (AEP, sometimes
referred to as vacuolar processing enzyme or legumain), cre-
ating new N- and C-termini (Figure 1B). A new peptide
bond is formed between the original N- and C-termini via a
postulated cleavage-coupled transpeptidation event, wherein
nine amino acids (E253IPDIATVV261) at the original C-termi-
nus are removed (Bowles and Pappin, 1988). The excision of
the 15-amino acid intervening peptide involves three

The Plant Cell, 2021 Vol. 33, No. 8 THE PLANT CELL 2021: 33: 2794–2811 | 2795

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/33/8/2794/6272525 by U

niversity of W
estern Australia user on 28 Septem

ber 2021

17



cleavage reactions (N119, N130, N134); two of which (N119,
N130) usually occur before the transpeptidation event. The
last cleavage reaction at N134 occurs much later after trans-
peptidation. It is not known why this seemingly complex se-
quence of processing events occurs in this order, as the
cleavage and transpeptidation sites are on opposite ends of
the globular conA protein and so should not sterically inter-
fere with either reaction. The resulting circular permutation
of a protein was at the time unprecedented (Carrington et
al., 1985) and evocatively termed “protein carpentry”
(Hendrix, 1991).

Transpeptidation at the N- and C-termini appears ineffi-
cient as roughly half of conA in jack bean seeds are the
two-chain form (Faye and Chrispeels, 1987) produced when
the cleavage reaction is resolved by hydrolysis rather than
aminolysis, that is, transpeptidation. In solution, conA exists
in a pH- and temperature-dependent, dimer–tetramer equi-
librium (McKenzie et al., 1972; Huet and Claverie, 1978;
Senear and Teller, 1981). The conA tetramer is made up of
a mixture of the hydrolyzed two-chain subunit and the
transpeptidated full-length subunit. ConA dimers consisting
of a mixture of the two-chain subunit and the full-length
subunit are less competent at forming tetramers than puri-
fied conA consisting only of full-length subunits (Senear and
Teller, 1981). Also, conA in the dimeric and tetrameric forms
appear to have different biological activities on animal cells
in vitro (Gunther et al., 1973).

After the discovery that conA was circularly permuted,
protein engineers began to modify proteins or enzymes in a
similar way (Goldenberg and Creighton, 1983) to gain
insights into protein folding (Gebhard et al., 2006) or to
modify biophysical properties to overcome limitations
(Meister et al., 2011; Yu and Lutz, 2011; Bliven and Prli!c,
2012). Many more examples of circularly permuted proteins
have since been discovered, but all these natural examples
are at the genetic level. ConA and close relatives from the
Diocleinae subtribe remain the only proteins known to un-
dergo posttranslational circular permutation (Cavada et al.,
2018). The functional purpose for conA circular permutation
remains elusive as few biochemical studies have been per-
formed with pro-conA. Circular permutation is not required
to induce carbohydrate-binding activity; the cleaved, two-
chain form of conA is capable of carbohydrate-binding (Faye
and Chrispeels, 1987), and homologs of pro-conA in other
legumes do not undergo circular permutation (Cunningham
et al., 1979; Carrington et al., 1985), making it unclear why
circular permutation is needed.

The maturation of conA involves a protease (Abe et al.,
1993; Min and Jones, 1994). This protease was the first en-
zyme discovered to be capable of forming peptide bonds
posttranslationally within the backbone of protein substrates
(Min and Jones, 1994). Interest in exploiting this function
for biotechnological applications, on top of efforts to iden-
tify similar enzymes capable of peptide backbone transpepti-
dation, has led to the discovery and engineering of AEPs
with varying efficiencies in peptide backbone cleavage,

transpeptidation and macrocyclization, and AEPs with differ-
ing preferences for Asp and Asn residues (Nguyen et al.,
2014; Yang et al., 2017; Haywood et al., 2018; Harris et al.,
2019; James et al., 2019). However, our understanding of the
AEP domains critical for determining hydrolase and trans-
peptidase efficiency is far from complete (Nonis et al., 2021).

Although recombinant jack bean AEP (CeAEP1) has been
shown to be capable of carrying out transpeptidation on
non-native substrates in vitro (Bernath-Levin et al., 2015), it
has not been shown beyond doubt to be capable of conA
circular permutation. Here, we reconstitute the biosynthesis
of conA using recombinant pro-conA and CeAEP1, with
structural evidence supporting cleavage-mediated transpep-
tidation in conA. The vast majority of studies on conA have
characterized its mature form. Here, we focus on why pro-
conA undergoes circular permutation and the structural fea-
tures of CeAEP1 that facilitate this reaction. Although circu-
lar permutation does not cause structural changes in the
conA carbohydrate-binding domain, it results in increased
thermal and chemical stability of the protein. The differen-
ces observed in the oligomeric states of pro-conA and conA
in solution and the lower number of atomic interactions be-
tween subunits observed in the crystal structure of pro-
conA provide a plausible explanation for the difference in
stability. The structure of the jack bean AEP is consistent
with other related AEPs that carry out both cleavage and
transpeptidation, explaining why only a single enzyme is re-
quired to circularly permutate pro-conA into conA.

Results

Pro-conA structure
To determine the structural differences between pro-
conA and conA, we expressed recombinant pro-conA (resi-
dues 30–290; UniProt ID: P02866) in Escherichia coli
(Supplemental Figure S2). We obtained a protein crystal
which diffracted to 2.1 Å by X-ray diffraction. The crystal
structure was solved by molecular replacement using conA
[Protein Data Bank (PDB): 1JBC; Parkin et al., 1996] as the
search model, yielding a homodimer in the asymmetric unit.
Superposition of the two monomers yields a root-mean-
square deviation (r.m.s.d.) of 0.4 Å over 225 Ca-atoms.
Considerable chain mobility at the C-terminus (residues
250–260) of both pro-conA monomers is inferred from
poor electron density in this region. The C-terminus is in
close proximity to a solvent-exposed loop (residues 65–70)
which are involved in different crystal contacts in the
two monomers. Residues at the functional sites discussed
below are clearly visible in electron density (Supplemental
Figure S3).

Like other lectins, pro-conA is made up of two large
b-pleated sheets consisting of a flat six-stranded antiparallel
b-sheet and a curved seven-stranded antiparallel b-sheet
(Figure 2). Pro-conA and the conA monomer (PDB 1JBC)
are very similar, with an r.m.s.d. of 0.5 Å over 221 Ca-atoms
(Supplemental Figure S4). For the 15-amino acid intervening
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peptide that gets cleaved off during conA maturation, there
is an absence of electron density when contoured at 1r.
Crystals of pro-conA were therefore dissolved and run on a
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS–PAGE) to confirm presence of full-length protein,
demonstrating that the absence of electron density for the
15-amino acid intervening peptide is due to disorder rather
than spurious cleavage by other enzymes during expression
or purification (Supplemental Figure S2). The wider band
observed for the dissolved pro-conA crystals is likely an arti-
fact from the crystallization buffer. Considering the missing
electron density at the termini of pro-conA when contoured
at 1r, indicating disorder, there is also a possibility that spu-
rious trimming of several terminal residues may have
occurred.

Structural features involved in conA activity
It is not known if conA circular permutation changes the
structural domains involved in carbohydrate binding. Here
we see that the monosaccharide binding sites of pro-conA
and conA are very similar, with an r.m.s.d. of 0.2 Å for the
three residues involved (Supplemental Figure S3A). The
monosaccharide specificity loops of pro-conA and conA
have an r.m.s.d. of 1.1 Å for the six residues involved
(Supplemental Figure S3B). Differences in the side-chain
positions of Leu233 and Tyr234 of the monosaccharide spe-
cificity loop, which has a nearby ethanediol molecule in the
pro-conA structure, are unlikely to affect carbohydrate-bind-
ing as only their main chain atoms interact with carbohy-
drates (Kanellopoulos et al., 1996b; Hamodrakas et al., 1997).
Other residues involved in carbohydrate recognition, includ-
ing Tyr146–Ile151 (Tyr12-Ile17 in conA) and Thr108–Leu111
(Thr226–Leu229 in conA; Loris et al., 1998; Cavada et al.,
2018), are also structurally unchanged after circular
permutation.

ConA carbohydrate-binding activity is highly dependent
on the binding of a transition metal, typically manganese,
and a calcium ion (Sumner and Howell, 1936; Kalb and
Levitzki, 1968; Shoham et al., 1973). The presence of transi-
tion metal ions and calcium has also been shown to im-
prove conA structural stability (Blumberg and Tal, 1976;
Doyle et al., 1976). Similar to conA, in pro-conA the manga-
nese ion has six ligands in an octahedral coordination geom-
etry, involving one nitrogen atom provided by His158, three
carboxylate oxygen atoms from Glu142, Asp144, and
Asp153, and two water molecules (Supplemental Figure
S3C). Asp144 and Asp153 are also involved in the coordina-
tion of the calcium ion, which has seven oxygen ligands in a
distorted octahedral geometry involving two carboxylate ox-
ygen atoms from Asp144 and one from Asp153, an amide
oxygen atom from Asn148, a backbone carbonyl from
Tyr146, and two water molecules. The binding of these two
metals has been shown to stabilize the active “locked” con-
formation in conA (Brown et al., 1977; Brewer et al., 1983;
Bouckaert et al., 2000), which is observed here in metallated
pro-conA as well (Supplemental Figure S3D). As proposed
in the conA structure by Bouckaert and colleagues, in pro-
conA the coordination of Asp144 and Tyr146 (Asp10 and
Tyr12 in conA) to the calcium ion induces a bend in the b-
sheet holding Thr145 (Thr11 in conA), causing a steric clash
between Thr145 and Asp90 (Asp208 in conA) and inducing
a trans-to-cis isomerization between Ala89 and Asp90
(Ala207 and Asp208 in conA). The key residues indicating a
locked conformation in pro-conA is similar to those of
conA, with an r.m.s.d. of 0.8 Å for the five key residues
highlighted in Supplemental Figure S3D.

There is a small possibility that the transition-metal-bind-
ing site may be occupied by a nickel ion rather than a man-
ganese ion. Although we cannot rule out the presence of
nickel in the model, as nickel was used in pro-conA purifica-
tion, the overall geometry of the metal-binding sites have
been shown to be essentially independent of the nature of
the transition metal (Emmerich et al., 1994). Zinc and

Figure 1 ConA maturation by circular permutation. A, During matu-
ration, residue 1 of the N-terminal half (Chain B) of pro-conA
becomes residue 119 of the C-terminal half of conA and vice versa res-
idue 135 becomes residue 1 of conA. Grey segments are cleaved off
during maturation. B, Peptide bond cleavages (blue arrow), and
peptide bond formation, that is, transpeptidation (red arrow)
within pro-conA are both required to make conA. The cleavage and
transpeptidation events all occur on the carboxyl side of asparagine
residues. The N-terminal ER signal of pre-pro-conA and the N-linked
glycan, which are removed before circular permutation of pro-conA,
are not shown.
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calcium ions were modeled at four other locations in the
homodimer and are not part of the metal-binding loop.
There is potentially a mixture of metals in these locations,
but these metals are unlikely to have a biological role and
are likely present due to crystallization conditions.

A hydrophobic cavity conserved in conA-like lectins has
been hypothesized by some to bind to secondary metabo-
lites (Delatorre et al., 2007; Bezerra et al., 2011). An ethane-
diol (cryoprotectant) is observed in this cavity in the pro-
conA structure, and the local structure appears unchanged
when compared to a conA structure containing ethanediol
in this position (PDB:4PF5; François-Heude et al., 2015),
with an r.m.s.d. of 0.2 Å over three residues (Supplemental
Figure S3E).

Pro-conA and conA interact differently in protein
crystals
In contrast to the well-established dimer-of-dimers complex
(i.e. tetramer) observed in the conA crystal structure (Figure
3A), pro-conA monomers in the crystal structure assemble
in an atypical dimer-of-dimers complex (Figure 3B). The
asymmetric unit contains a dimer, composed of inter-mono-
mer interactions very similar to those observed in the princi-
pal dimer of conA (involving residues 3–21, 57–65, 99, 222–
224, and 248–252 in pro-conA). Application of crystal sym-
metry to the coordinates, using the operator –x, y, !z!1,
yields a possible tetrameric structure. PDBePISA (Krissinel

and Henrick, 2007) was used to predict the free energy of
assembly-dissociation (DGdiss) for pro-conA, indicating that
pro-conA is likely capable of forming a stable dimer (DGdiss

" 5.0 kcal#mol!1) and tetramer (DGdiss " 17.2 kcal#mol!1)
in solution. These predicted complexes correspond to the
atypical dimer-of-dimers complex observed in the crystal
structure. Based on the parameterizations of the PISA pro-
gram, positive values of DGdiss indicate that an external driv-
ing force should be applied to dissociate the assembly.
Therefore, assemblies with DGdiss>0 are calculated to be
thermodynamically stable. For comparison, high resolution
structures of conA (e.g. PDB: 1JBC) also predict a stable di-
mer (DGdiss " 8.6 kcal mol!1) and tetramer (DGdiss " 9.6
kcal#mol!1) in solution. However, compared to conA, pro-
conA has a smaller buried surface area and fewer interface
residues, especially between the dimers (Supplemental Table
S1). PDBsum (Laskowski et al., 2018) was used to analyze
the number of noncovalent contacts with a distance cutoff
of 4 Å, and this showed that pro-conA has fewer inter-di-
mer contacts than conA in the crystal structure (Figure 4).
As shown in Figure 3B and Figure 4, A and C, the C-termini
of the pro-conA subunits are wedged between the dimers
and are therefore heavily involved in the inter-dimer interac-
tions. These termini are cleaved off and shortened into a
loop during circular permutation to form conA. Although
the region spanning four b-sheets (residues 183–210) is in-
volved in inter-dimer interactions in both pro-conA and
conA, they have different interacting partners. The residues
in this b-sheet region in pro-conA interact with the wedged
C-termini, whereas in conA, they interact with the b-sheet
region of the opposing subunit (Figure 4). Pro-conA also has
substantially fewer interactions spanning residues 69–78.

Pro-conA can form tetramers in solution
To determine if the observed pro-conA tetramer in the crys-
talline state is relevant to complex formation in aqueous so-
lution, sedimentation velocity studies were performed in the
analytical ultracentrifuge. Data at multiple time points gen-
erated at a rotor speed of 40,000 rpm were fitted to a con-
tinuous size distribution model. The resulting c(s)
distributions for pro-conA at an initial concentration of 3.0
mg#mL!1 at pH values 4.5 and 6.8 at 20$C and 30$C were
compared. At 20$C, the protein exists as a single species
represented by a sharp peak spanning a sedimentation
coefficient range of 3–4 S for both pH values (Figure 5A).
This is indicative of a species of 50 kDa based on c(M) analy-
ses, which is consistent with the formation of a dimer in so-
lution. At 30$C, the presence of a broad peak spanning a
sedimentation coefficient range of 3–5 S for both pH values
suggests that pro-conA exists in a rapid dimer–tetramer
equilibrium in solution. Similar analyses at 30$C and pH val-
ues 4.5 and 6.8 were also carried out with protein concen-
trations of 0.2 mg#mL!1 (Figure 5B). At 0.2 mg#mL!1, pro-
conA exhibits a broad peak spanning a sedimentation coeffi-
cient range of 3–5 S for both pH values, but with a slight
shift in equilibrium toward a smaller S value, and thus dimer
formation. These results demonstrate that pro-conA can

Figure 2 Pro-conA structure. Pro-conA consists of interleaved b-
sheets from chain A (pink) and chain B (green). Transpeptidation
occurs between the N-terminus (black dot) and a residue near the C-
terminus (red dot). “Metal binding loop” and “monosaccharide specif-
icity loop” are a single loop each, whereas the “monosaccharide bind-
ing site” consists of residues from three loops. The “hydrophobic
cavity” consists of residues from two adjacent b-sheets and a nearby
loop. Fifteen flexible residues linking chains A and B (blue dashed
line); ions of calcium (yellow sphere); manganese (purple sphere); zinc
(orange sphere). This tertiary structure is similar to conA
(Supplemental Figure 4).
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form larger oligomeric forms, most likely tetramers, and that
tetramer formation is temperature- and concentration-de-
pendent. However, unlike conA, pro-conA tetramerization is
pH-independent between pH values 4.5 and 6.8; conA exists
as a dimer below pH 5.5, with increasing tetramer formation
in a rapid dimer–tetramer equilibrium corresponding to in-
creasing pH up to 7.5 (Senear and Teller, 1981).

Reconstituting conA biosynthesis in vitro
To determine whether CeAEP1 alone can perform separate
cleavage and cleavage-coupled transpeptidation reactions to
make conA, we sought to reconstitute conA biosynthesis
in vitro with recombinant pro-conA. Recombinant pro-
conA (residue 30–290 of UniProt ID: P02866) was incubated
with autoactivated CeAEP1 at a molar ratio of %20:1 pro-
conA to activated CeAEP1. The pro-conA band was

converted to several lower MW proteins after digestion
(Figure 6A). The product of interest in the lane of the pro-
conA digest was band I, which has a slightly smaller MW
than pro-conA, consistent with a circularly permuted conA.
This protein band was sequenced by N-terminal Edman deg-
radation, and this yielded two N-terminal sequences:
AAYNADTI and ADTIVAVE (Figure 6B; Supplemental Figure
S5). These overlapping sequences obtained by Edman degra-
dation both prove that the C-terminal half of conA has
been circularly permuted to become the N-terminal half,
and concurs with the slightly larger MW observed for band I
when compared to the mature form (Figure 6A). In jack
bean seeds, the removal of the AAYN tetrapeptide preced-
ing the N-terminus of conA occurs very slowly (Bowles et
al., 1986), explaining why in this in vitro experiment we ob-
served both species. This AAYN tetrapeptide was also ob-
served in conA extracted from immature jack bean seeds
(Wang et al., 1971; Carrington et al., 1985). The bottom
three MW bands (II, III, and IV) represent the cleaved prod-
ucts (Sheldon et al., 1996; Supplemental Figure S1).
Performing the in vitro assay at a range of pH conditions
(pH 4, 5, 6, and 7) showed that circular permutation of
conA by CeAEP1 was most efficient at pH 5 (Supplemental
Figure S6). Pro-conA was completely processed by CeAEP1-
mediated transpeptidation or cleavage at pH 5 and pH 6. At
pH 5, a higher proportion of pro-conA termini were trans-
peptidated to produce full-length conA (band I), whereas
processing at pH 6 resulted in a higher proportion of
cleaved products (bands III and IV). Processing at pH 4 and
pH 7 produced an additional band (band II), indicating in-
complete processing. ConA extracts from jack bean seeds
also show that circular permutation does not occur with
100% efficiency (Carrington et al., 1985).

Thermal and pH stability of pro-conA and conA
Circular dichroism analysis showed that conA is more stable
than pro-conA under heat stress at pH 6.5 and at various
other pH conditions without heat stress, revealing a func-
tional consequence of conA circular permutation. During
heat stress at pH 6.5, where temperature was increased at a
rate of 1$C#min!1, there was an increase in the magnitude
of ellipticity at 218 nm for pro-conA at the 60–70$C range
before decreasing from 70$C onwards (Figure 7A). In con-
trast, only a decrease in magnitude of ellipticity was ob-
served for conA. This suggests that, under heat stress, pro-
conA undergoes an increase in the amount of b-structure
relative to conA. Controls showed no change in ellipticity
for pro-conA and conA when no heat is applied
(Supplemental Figure S7A). SDS–PAGE analysis was carried
out to illustrate the precipitation observed for both pro-
conA and conA during the heat analysis (Supplemental
Figure S7B). A previous study combining circular dichroism
(CD) analysis with scattered light intensity analysis showed
that conA begins to aggregate before any conformational
change occurs during heat stress (Maeda et al., 1989), which
may explain why we do not see an increase in magnitude of
ellipticity for conA in our CD analysis. Even though pro-

Figure 3 Pro-conA and conA have different tetrameric structures in
protein crystals. (A) In conA, monomers I and II interact so that the
flat six-stranded b-sheet from each monomer aligns to form a contig-
uous 12-stranded b-sheet. Monomers III and IV dimerizes in a similar
manner. The two dimers then interact via the 12-stranded b-sheets to
form a dimer-of-dimers. (B) Pro-conA adopts a dimer-of-dimers con-
formation with a larger cavity. The pro-conA termini interfere with
the formation of the typical dimer-of-dimers. N- and C-termini of pro-
conA monomers are shown in black and red, respectively. The equiva-
lent residues in conA are colored similarly.
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conA and conA appear to react differently to heat stress, we
cannot conclude if melting or precipitation occurs first with
CD analysis. However, it is clear that conA has better heat
tolerance as pro-conA begins to undergo changes in confor-
mation and/or begins precipitating at a lower temperature
than conA at pH 6.5, and also appears to approach com-
plete precipitation at a lower temperature than conA
(Figure 7A). The stability observed for conA agrees with a
previous study that observed conA aggregation from 60$C
onwards (Doyle et al., 1976).

To examine pH stability, pro-conA and conA were incu-
bated at various pH conditions (pH 2.0–9.8) for 2 h before
CD analysis at the respective pH. CD spectra analysis
showed that conA maintains its general structure through-
out the pH range tested for the 2-h period of the analysis,
whereas pro-conA is more prone to precipitation at lower

pH conditions (Figure 7B). Precipitation occurred similarly to
what was observed during heat stress. Beyond the 2-h time
frame, conA undergoes pH-dependent conformational
changes as well (McCubbin et al., 1971; Zand et al., 1971).

It is not feasible to extract pro-conA from jack bean seeds
as it is rapidly converted to conA. The high similarity of the
recombinant pro-conA structure that we obtained to that
of conA indicates that recombinant pro-conA folds into the
correct conformation in our E. coli expression system. To en-
sure as much consistency as possible between preparation
of pro-conA and conA, we dialyzed recombinant pro-conA
into the same buffer that the dry commercial conA powder
was dissolved in. It should be noted that conA (Sigma) con-
tains a small, unquantified amount of the two-chain form
(Figure 6A), representing the products that have undergone
cleavage rather than transpeptidation.

Figure 4 The pro-conA tetramer has fewer inter-dimer contacts than the conA tetramer in crystal structures. Pro-conA (A and C) has 94 non-
bonded contacts between dimers in a dimer-of-dimers complex. ConA (B and D) has 194 nonbonded contacts between dimers in a dimer-of-
dimers complex. In pro-conA, the C-termini interfere with the inter-dimer interactions that would exist between the opposing b-sheets of conA.
Residues involved in nonbonded contacts are shown as sticks. The “front” view shows all four subunits of the dimer-of-dimers. “Side” view is
obtained with a 90$ anti-clockwise turn when viewed from the top. The N- and C-termini are highlighted in black and red, respectively.
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Circular permutation has no effect on conA binding
to methyl-a-d-mannose
To determine if conA circular permutation affects carbohy-
drate-binding, we investigated the ability for pro-conA and
conA to bind to mannose, the preferred ligand in vitro, us-
ing isothermal titration calorimetry (ITC). The results were
similar for pro-conA and conA, with association constants
(KA) of 8270 6 74.0 and 8240 6 74.0 M!1, respectively, for
methyl-a-D-mannose (Supplemental Figure S8). The KA we
obtained for conA was in close agreement with that
obtained by Loka et al. (2015) and Chervenak and Toone
(1995), with both studies obtaining a KA of 7.6 & 103 M!1

for methyl-a-D-mannose.

Jack bean AEP structure

To understand the enzymatic basis for conA maturation, we
expressed CeAEP1 (residues 36–475; UniProt ID: P49046) in E.

coli (Supplemental Figure S9). We obtained a protein crystal
which diffracts to 2.7 Å by X-ray diffraction. The crystal struc-
ture was solved by molecular replacement using Arabidopsis
thaliana legumain c (AtLegc) as the search model, yielding a
CeAEP1 homodimer in the asymmetric unit. The superposi-
tion of the two monomers yields an r.m.s.d. of 0.4 Å over 424
Ca-atoms. Residues at the catalytic site and the substrate-
binding pockets are clearly visible in electron density
(Supplemental Figure S10, A and B). Differences between
monomers are only at solvent-exposed residues in or adjacent
to loop regions. Electron density shows clear differences at
residues 283–289 and 347–360, which can be attributed to
different crystal contacts (Supplemental Figure S11). Residues
283–289 are part of an unstructured loop on the surface of
the core domain and deviate from each other at the back-
bone. The biggest difference in this loop occurs at Asn285–
Ser286, where the backbone deviates by about 4 Å and the
side-chains point at different directions. Electron density at
1r is poor for the side chains of Tyr287–Arg288 in monomer
A. Residues 347–360 are part of a short loop and two adjoin-
ing a-helices in the cap domain. The differences are minor as
the side chains of both monomers have similar orientations,
and the backbone deviates at most by about 2.6 Å at Gln353.
This deviation is likely also due to the inability to model resi-
due 352 of monomer A due to the lack of electron density
when contoured at 1r. Electron density shows static disorder
at residues 318–330, which contains the linker region that is
cleaved off upon CeAEP1 autoactivation. Missing electron
density at residues 323–329 when contoured at 1r point to
the highly flexible nature of this linker.

CeAEP1 is structurally similar to previously solved plant
AEP structures: sunflower (Helianthus annuus) AEP1 or
HaAEP1 6AZT (Haywood et al., 2018), AtLegc 5NIJ (Zauner
et al., 2018b), Oldenlandia affinis AEP1 or OaAEP1 5H0I
(Yang et al., 2017), Viola yedoensis peptide asparaginyl ligase
2 or VyPAL2 6IDV (Hemu et al., 2019), and butelase1 6DHI
(James et al., 2019) with an r.m.s.d. of 1.0–1.1 Å over 400–
430 Ca-atoms between CeAEP1 and the other published
structures (Supplemental Table S2). The inactive enzyme is
made up of a “core” domain (Glu38–Asp313) linked to a C-
terminal “cap” domain (Arg336–Ala474) via the flexible
linker, which has weak electron density (Figure 8A). The
core domain consists of a six-stranded b-sheet surrounded
by five major a-helices, and is highly structurally conserved
with a r.m.s.d. of 0.5–0.7 Å over 270–280 Ca-atoms between
CeAEP1 and the other published structures (Supplemental
Table S3). The cap domain, consisting of five a-helices,
improves core domain stability, acts as the dimer interface
and modulates enzymatic activity by occluding the active
site in the inactive form (Zauner et al., 2018b).

CeAEP1 active site residues are strictly conserved
The catalytic residues His158 and Cys200 form the catalytic
dyad, with Asn53 sometimes included to make up a cata-
lytic triad (Supplemental Figure S10A). These three residues
are conserved across all AEPs (Supplemental Figure S12).
The His158 imidazole likely acts as a general base in the

Figure 5 Pro-conA tetramer formation is temperature- and concen-
tration-dependent. Sedimentation velocity analyses by analytical ultra-
centrifugation. A, Between pH 4.5 and 6.8, at 20$C pro-conA exists as
a sharp peak spanning 3–4 S, which is consistent with the size of the
pro-conA dimer of %50 kDa. In the same pH range but at 30$C, pro-
conA exists as a broad peak spanning 3–5 S, which is consistent with a
rapid dimer–tetramer equilibrium. B, In the same pH range and at
30$C, the dimer–tetramer equilibrium shifts toward tetramer forma-
tion at higher protein concentrations.
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catalytic mechanism (Elsässer et al., 2017; Nonis et al., 2021).
Electron density at Cys200 indicates a dual conformation,
which is also observed in the near-atomic resolution struc-
ture of a HaAEP1, likely representing conformational flexibil-
ity that can occur during catalysis (Haywood et al., 2018).
Mutagenesis study on HaAEP1 shows that the asparagine
residue of the catalytic triad (Asn53 in CeAEP1; Asn73 in
HaAEP1) influences the ratio of cyclic to acyclic product,
but is not a strict requirement for cleavage or transpeptida-
tion (Haywood et al., 2018). We modeled a succinimide in-
termediate (SNN) at Asp157 to obtain a better fit with the
electron density at this position (Supplemental Figure S10A).
The presence of the SNN is consistent with all other plant
structures except OaAEP1 (Yang et al., 2017; Haywood et al.,
2018; Zauner et al., 2018b; Hemu et al., 2019; James et al.,
2019), although OaAEP1 does have electron density suggest-
ing that succinimide may in fact be present (James et al.,
2019). Gln335, which is part of the cap domain, occupies
the S1 pocket of the active site in the pro-enzyme (accord-
ing to nomenclature by Schechter and Berger where P1, P2
and so on refer to residues N-terminal to the cleavage site,
whereas P10, P20 and so on are C-terminal to it, and where
the corresponding binding sites on the protease are termed
S2, S1, S10, S20, etc.; Schechter and Berger, 1967;
Supplemental Figure 10A). It was hypothesized that cleavage
does not occur at Gln335 even though it is similar to aspar-
agine because the glutamine backbone is kept further away
from the catalytic cysteine by virtue of the longer side chain
(4.9 Å in CeAEP1; Zauner et al., 2018a).

CeAEP1 substrate-binding pockets
With such high structural similarities amongst plant AEPs that
have varying catalytic efficiencies, CeAEP1 catalytic preference
and efficiency can be explained only by subtle variations in

the substrate-binding pockets. For example, the CeAEP1 core
domain is very similar to the sunflower AEP, HaAEP1, with an
r.m.s.d. of 0.5 Å over 270 Ca-atoms (Supplemental Table S3),
but it is more efficient at carrying out transpeptidation and
cleavage than HaAEP1 (Bernath-Levin et al., 2015). The S1
pocket (Arg55, His56, Glu198, Ser228, and Asp250), as desig-
nated by a previous study on AtLegc (Zauner et al., 2018a), is
conserved (Supplemental Figure S10C) and accommodates the
P1 asparagine residue at all pro-conA cleavage and transpepti-
dation sites. His158, Gly159, Gly160, Cys200, and Glu201 make
up the S10 pocket (Zauner et al., 2018a; Hemu et al., 2019)
and is highly conserved with notable variability in side chain
positioning of Glu201 (Supplemental Figure S10D). Val163,
Gly165, Phe171, and Tyr173 make up the S20 pocket, with
only Gly165 strictly conserved (Supplemental Figure S10E). The
vast majority of the residues in the S20 pocket in CeAEP1 and
other AEPs are otherwise hydrophobic. The Arg278–Met294
region, which was designated the Marker of Ligase Activity by
Jackson et al. (2018), is generally hydrophilic in CeAEP1, similar
to that of HaAEP1 (Supplemental Figure S12).

Discussion
It is just over 100 years since the discovery of conA. Despite
conA being the subject of many studies and seeing daily use
in laboratories worldwide, only now do we have a structure
for pro-conA; this allows us for the first time to understand
how circular permutation of pro-conA affects this long-stud-
ied protein.

Circular permutation influences conA tetramer
formation
The crystal structure of pro-conA confirms the long-stand-
ing suspicion that circular permutation of conA occurs with-
out any large changes in the tertiary structure (Carrington

Figure 6 In vitro reconstitution of conA maturation using auto-activated recombinant CeAEP1 and pro-conA. A, SDS-PAGE of recombinant pro-
conA (Lane 1), conA (Sigma-Aldrich, Cat No. L7647; Lane 2), and pro-conA processed by CeAEP1 (Lane 3). N-terminal sequence of Band I (red
box) was determined by Edman degradation. The slightly larger size than conA is due to the presence of the AAYN tetrapeptide, which is cleaved
off at a slow rate, on the N-terminus of circularly permuted conA (Supplemental Figure 1). Bands III and IV are present in jack bean extract as
well (Lane 2) and represent fragments that have undergone cleavage instead of transpeptidation (Sheldon et al., 1996). Band II likely represents
cleaved fragment containing N-terminal AAYN tetrapeptide and/or the C-terminal EIPDIATVV peptide. B, Pre-pro-conA sequence with ER signal
(black), chain B (pink), chain A (green), and residues removed during circular permutation (grey). To facilitate comparison with pro-conA struc-
ture and previous studies, residue numbering starts after N-terminal ER-signal, at S1. Pro-conA is synthesized with a glycosylated N123 residue.
Deglycosylation is the first posttranslational modification. Cleavage by CeAEP1 occurs at N119, N130, and N134. N252 is either cleaved or trans-
peptidated to S1. The two N-terminal sequences from Edman degradation are underlined in blue and orange.
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et al., 1985) (Supplemental Figure S4). We observed a differ-
ence, however, in the number of inter-dimer interactions be-
tween the pro-conA and conA crystal structures (Figure 4;
Supplemental Table S1). Even though conA in the demetal-
lated and the saccharide-bound form have different crystal
packings, both forms adopt the typical dimer-of-dimers as-
sembly (Kanellopoulos et al., 1996a). In pro-conA, the C-

terminus is heavily involved in inter-dimer interactions of
the crystalline state (Figures 3B; 4, A and C). During circular
permutation, the N- and C-termini undergo cleavage-cou-
pled transpeptidation and are therefore present as a short-
ened loop that does not interfere with the formation of the
typical dimer-of-dimers assembly in the conA crystal struc-
ture (Figures 3A; 4, B and D). Likely, the inability for pro-
conA to form the typical dimer-of-dimers assembly in the
crystalline state is attributable solely to the presence of the
termini. AUC analyses demonstrate that pro-conA is capable
of forming tetramers in solution (Figure 5), with a potential
atypical dimer-of-dimers observed in the crystal structure, in
which PDBePISA analysis suggests is commensurate with tet-
ramer formation in solution. On the basis of thermodynamic
analyses in conA, it was proposed that the ionization of a
histidine side chain, either His3 or His185 (His121 or His51
in conA, respectively) governs the pH-dependent association
of the dimers to form a tetramer (Senear and Teller, 1981).
Considering the differences observed in the number of con-
tacts between the subunits, it is not surprising that the
atypical dimer-of-dimer complex in pro-conA has different
interactions at His3 and His185 when compared to conA
(Supplemental Figure S13), which may explain why we do
not observe a pH-dependent tetramerization of pro-conA in
solution between pH 4.5 and pH 6.8.

Glycinin, a seed storage protein in soybean, exists as a tri-
mer before cleavage at an asparagine residue by an AEP trig-
gers hexamer formation (Jung et al., 1998; Adachi et al.,
2001, 2003). Even though glycinin and conA are structurally
different, in both cases AEP processing results in the disloca-
tion of a peptide chain that appears to interfere with the
formation of a higher oligomeric state. It would be interest-
ing to see if the typical dimer-of-dimers conformation forms
if pro-conA termini underwent AEP-mediated cleavage
rather than transpeptidation.

Binding domains in pro-conA remain unchanged
after circular permutation
The requirement for conA to be in the “locked” conforma-
tion to effectively bind carbohydrates has been explained in
detail by in-depth structural analyses by Bouckaert et al.
(2000). Here, we obtain a structure of pro-conA which is
similar to the “locked” conformation (Supplemental Figure
S3D), which explains why circular permutation is not re-
quired for carbohydrate-binding and that the binding of
Mn2' and Ca2', even in pro-conA, is sufficient for carbohy-
drate-binding activity (Ramis et al., 2001). This was corrobo-
rated with ITC analysis showing no difference in association
constant between pro-conA and conA when assayed with
methyl-a-D-mannose. The similar conformation of both the
monosaccharide specificity loop and the monosaccharide
binding site between pro-conA and conA indicates that cir-
cular permutation does not affect carbohydrate specificity
either. A conserved hydrophobic cavity, hypothesized by
Bezerra et al. (2011) and Delatorre et al. (2007) to play a
role in plant defense in their study of conA-like lectins, also
remains unchanged by circular permutation.

Figure 7 ConA is more stable than pro-conA. A, Melt curve generated
from circular dichroism analysis of pro-conA and conA in water with
a temperature slope of 1$C min!1. Pro-conA begins changing confor-
mation and precipitates from solution (Supplemental Figure 7B) at a
lower temperature than conA. The decrease in ellipticity for pro-conA
but not conA indicates that these two proteins have different path-
ways of unfolding and/or aggregation. This experiment was done with
one batch of protein in technical triplicate. B, Circular dichroism spec-
tra of pro-conA and conA after 2-hour incubation in water at pH 2, 4,
5.7, 7.8, and 9.8. ConA remains stable from pH 2 to 9.8 whereas pro-
conA is less stable at neutral and low pH.
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Circular permutation improves conA stability
Artificial circular permutation has on only one occasion led
to a slightly more stable version of protein (Topell et al.,
1999); this explorative modification otherwise tends to result
in proteins that are either less or equally stable as the

parent protein (Heinemann and Hahn, 1995). Here, we
discover a clear improvement in stability resulting from
protein circular permutation. We demonstrate that conA
circular permutation increases conA thermal and pH sta-
bility (Figure 7) without affecting in vitro binding to the
carbohydrate methyl-a-D-mannose (Supplemental Figure
S8). The exceptional pH stability of conA was indeed a
useful property for its initial discovery, as conA was
readily separated from other seed proteins using a proto-
col involving a range of pH (Sumner, 1919). A more com-
prehensive binding analysis with various carbohydrates of
different oligomeric forms may be useful, but the carbo-
hydrate-binding function of conA in vivo has so far only
been supported by in vitro characterization rather than
direct functional evidence in jack bean plants.

ConA circular permutation is carried out by
CeAEP1
Our in vitro assay shows that CeAEP1 is capable of conA cir-
cular permutation. It should be noted that cDNA analysis
suggests the presence of AEP isoenzymes with unknown rel-
ative abundance (Takeda et al., 1994), so there is possible re-
dundancy or involvement of another dedicated protease/
transpeptidase for conA circular permutation in vivo. The
pH optimum for conA circular permutation by CeAEP1 is
between pH 5 and 6, with higher efficiency closer to pH 5
(Supplemental Figure S6). The pH range observed in the
protein storage vacuoles of A. thaliana, where seed storage
proteins are likely processed by AEPs, is between pH 4.9 and
6.1 (Otegui et al., 2006). It appears that CeAEP1 has evolved
to perform transpeptidation most efficiently at the pH range
that it functions in.

CeAEP1 prefers serine over alanine as the
nucleophile in conA circular permutation
AEP cleavage at the pro-conA intervening peptide at
Asn130 and Asn134 generates new alanine N-termini
(Ala131 and Ala135) which do not undergo transpeptida-
tion with Asn119 despite their close proximity. This selec-
tivity was also observed in Sunflower Trypsin Inhibitor-1
(SFTI-1), where transpeptidation occurs when the incom-
ing N-terminal nucleophile in native SFTI-1 is glycine, but
a Gly1 to Ala1 mutation inhibits transpeptidation
(Bernath-Levin et al., 2015). In silico docking simulations
performed by Zauner et al. (2018a) indicate that an ionic
interaction may facilitate transpeptidation between the
N-terminal nucleophile and Glu220 of AtLegc (Glu201 in
CeAEP1) in the S10 pocket (Supplemental Figure S10D).
Transpeptidation in pro-conA occurs with an incoming
N-terminal serine, which is similar in size to alanine. It is
therefore possible that the polar side chain of serine facili-
tates transpeptidation by CeAEP1 via ionic interactions,
whereas the hydrophobic, nonpolar property of Ala131
and Ala135 in pro-conA hinders the formation of this
ionic interaction, thereby preventing transpeptidation by
CeAEP1.

Figure 8 Jack bean asparaginyl endopeptidase 1 (CeAEP1) structure.
A, Inactive CeAEP1. Core domain (orange); cap domain (grey); active
site (blue residues); low electron density in linker region (dashed grey).
B, Gly165 in S20 pocket forms a deep cavity, possibly facilitating the
binding of peptide substrate and preventing replacement with water
molecules. C, Residues G160, P161, E201, Q225, and N227 likely inter-
fere with incoming N-terminus of peptide substrate during nucleo-
philic attack, resulting in poor transpeptidase efficiency. C200 is the
catalytic residue. Following the proposed mechanism of nucleophilic
attack by an N-terminal nucleophile, the incoming N-terminus of pro-
conA with nucleophilic serine (blue dashed arrow) attacks the acyl-en-
zyme intermediate at the catalytic cysteine; Residues N-terminal to
cleavage site on pro-conA (brown dashed line); Residues C-terminal
to cleavage site of pro-conA (red dashed line).
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CeAEP1 is predominantly a protease
The jack bean AEP structure not only provides a structural
image of the enzyme responsible for conA circular permuta-
tion, but also improves our understanding on AEPs, a family
of enzymes that are becoming recognized as a tool for pro-
tein engineering (Hemu et al., 2016; Yang et al., 2017; Tang
et al., 2020). The structural features that make AEP favor hy-
drolysis or transpeptidation remains a matter of debate.
Recent work by Du et al. (2020) uncovered a plant AEP
with one of the highest transpeptidase activities despite pre-
dictions, based on previously published AEPs, that it would
be a hydrolase. Here, we compared CeAEP1 structure to
butelase1, an extremely efficient transpeptidase with effi-
ciency up to 1,340,000 M!1 s!1, and to VyPAL2, OaAEP1,
AtLegc, and HaAEP1, which have intermediate to low trans-
peptidase efficiency. Enzymatic assays have shown that
CeAEP1 favors hydrolysis over transpeptidation in a non-na-
tive substrate (Bernath-Levin et al., 2015). A few structural
features of AEPs have been explored by several research
groups, allowing us to better understand what makes
CeAEP1 capable of transpeptidation, in addition to its pro-
teolytic activity.

Residue 230 appears to be an important determinant for
hydrolysis/transpeptidation. It belongs to a trio of residues
(residue 229–331) that were designated Ligase-Activity
Determinant 1 by Hemu et al. (2019; Supplemental Figure
S12). CeAEP1, like HaAEP1 and AtLegc, is an inefficient
transpeptidase with a glycine in this position.
Transpeptidation efficiency was successfully enhanced by a
cysteine to alanine mutation in this position in OaAEP1
(Yang et al., 2017). In contrast, a cysteine to valine/isoleucine
mutation at the equivalent position in OaAEP1 abolished
transpeptidase activity (Yang et al., 2017) even though effi-
cient transpeptidases butelase1 and VyPAL2 have valine and
isoleucine respectively at this position. The effect of residue
230 on catalytic activity therefore appears to be dependent
on a complex interplay with nearby residues. A glycine in
this position, however, seems to be a good indicator of pre-
dominant protease activity. The same conclusion can be
reached based on sequence comparison of other biochemi-
cally characterized AEPs (Hemu et al., 2019).

Hydrophobic S20 pocket facilitates transpeptidation
The hydrophobic nature of both the P20 residue of pro-
conA (isoleucine) and the S20 pocket of CeAEP1 (Val163,
Phe171, Tyr173; Figure 8B) suggests that the peptide resi-
dues C-terminal of the cleavage site might bind to CeAEP1
through hydrophobic interactions. This would be crucial for
preventing water molecules from entering the active site,
therefore, facilitating aminolysis instead of hydrolysis
(Bernath-Levin et al., 2015; Zauner et al., 2018a). Consistent
with this hypothesis, hydrophobic residues are present in
the S20 site of HaAEP1 (Val183, Val193), AtLegc (Val182,
Tyr190, Tyr192), OaAEP1 (Val180, Tyr188, Tyr190), VyPAL2
(Tyr185, Tyr187), and butelase1 (Val170, Tyr178, Ala180),
and at the P20 residue of their native substrate, SFTI-1 in
sunflower (P20 leucine), kalata-B1 in O. affinis (P20 leucine),

V. yedoensis cyclotide precursors (P20 leucine), and C. terna-
tea cyclotide precursors (P20 valine). There is no known pep-
tide/protein in A. thaliana that undergoes AEP-mediated
transpeptidation, but AtLegc has also been shown to per-
form transpeptidation on non-native substrates with valine
as the P20 residue (Zauner et al., 2018b). Molecular dynamic
simulations performed on VyPAL2 also showed that the S20

pocket favors hydrophobic P20 residues (Hemu et al., 2019).
Gly165 conservation in the S20 site appears to be essential
to maintain a cavity in this hydrophobic S20 pocket (Figure
8B; Supplemental Figure S12) as a glycine to serine mutation
in HaAEP1 was shown to severely affect catalytic activity
(Haywood et al., 2018).

Facilitating N-terminal nucleophilic attack for
transpeptidase activity
The backbone amino group of the N-terminal nucleophile is
involved in AEP-mediated transpeptidation. It is possible
that the side chain of the N-terminal serine residue acts as
the nucleophile, which is observed in intein ligation.
However, AEP-mediated transpeptidation has been demon-
strated with an N-terminal glycine, which lacks a side chain
(Bernath-Levin et al., 2015). Previous studies involving sub-
strate-bound AEP structures have proposed a binding mode
between plant AEPs and substrates (Haywood et al., 2018;
Zauner et al., 2018a). From this we were able to identify resi-
dues around the catalytic cysteine that were likely to facili-
tate N-terminal nucleophilic attack in the transpeptidation
reaction (Haywood et al., 2018). The residues involved in-
clude Glu201, Pro161, Gln225, and Asn227 of CeAEP1
(Figure 8C). Although in silico docking studies show that
Glu201 forms an ionic bond with the incoming N-terminal
nucleophile (Zauner et al., 2018a), this residue does not ap-
pear to be a major determinant of transpeptidation effi-
ciency as glutamate is found in this position in AEPs that
have differing transpeptidase efficiencies (Supplemental
Figure S12). The nearby Gly160 (Figure 8C), which is one of
the two residues designated as Ligase-Activity Determinant
2 by Hemu et al. (2019), is a highly conserved residue as
most plant AEPs have a Gly or Ala at this residue
(Supplemental Figure S12). At this position, a tyrosine to
glycine mutation in VyPAL3 and a tyrosine to alanine muta-
tion in Viola Canadensis AEP were shown to enhance the
catalytic activity of transpeptidation. Any side chain bigger
than alanine at residue 160 may therefore sterically interfere
with the binding of peptide substrate residues C-terminal of
the cleavage site, allowing water to enter to complete the
cleavage reaction by hydrolysis.

Pro161, Gln225, and Asn227, on the other hand, have
been hypothesized to sterically hinder the incoming N-ter-
minus from interacting with Glu201 to initiate transpeptida-
tion (Haywood et al., 2018). These three residues lining the
active site are the same in CeAEP1 and HaAEP1, both of
which are inefficient transpeptidases. In contrast, the smaller
side chains in butelase1 (Gly167, Ala168, Gly232, Ser234)
likely contribute to its high transpeptidase efficiency, and is
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also likely why it will accept most N-terminal amino acids
for transpeptidation (Nguyen et al., 2014). The intermediate
transpeptidation efficiency of AtLegc, OaAEP1, and VyPAL2
relative to CeAEP1, HaAEP1 and butelase1 corroborates with
the intermediate amino acid sizes (AtLegc: Gly179, Pro180,
Glu244, Ser246; OaAEP1: Ala177, Ala178, Thr242, Ser246;
VyPAL2: Ala174, Pro175, Thr239, Gly241). Although Gln225
and Asn227 in CeAEP1 and HaAEP1 may sterically interfere
with transpeptidation, their long, polar side chains may al-
low for redundancy in interacting with the N-terminal nu-
cleophile, as was observed in the absence of Glu201 of
HaAEP1 (Haywood et al., 2018).

Conclusion
Our investigations show that the mature form of conA is
more stable than its precursor, pro-conA, revealing a func-
tional consequence for the only known naturally-occurring
circular permutation, which was discovered about 30 years
ago. Structural evidence shows that no change occurs at the
carbohydrate-binding site, and ITC analysis shows that
monosaccharide binding is not affected. The difference in
crystal packing between pro-conA and conA indicates that
changes induced by circular permutation occur at the qua-
ternary rather than the tertiary level. Analytical ultracentrifu-
gation analyses are consistent with pro-conA forming
tetramers in solution, and in silico analyses suggest that the
atypical dimer-of-dimers conformation observed in the crys-
tal structure occurs in aqueous solution as well. It is likely
that the different quaternary conformation between pro-
conA and conA is the basis for the difference in protein sta-
bility observed in circular dichroism analyses.

Although CeAEP1 has been shown to be predominantly a
protease, this was determined with a non-native substrate
(Bernath-Levin et al., 2015). Using purified recombinant pro-
teins, we show that jack bean AEP is capable of carrying out
both cleavage and transpeptidation reactions to circularly
permutate pro-conA, with the highest circular permutation
efficiency occurring at pH 5. Structural analysis and recently
generated knowledge from other AEP structures allow us to
understand how a protease like CeAEP1 is capable of
transpeptidation.

Materials and methods

Pro-conA expression and purification
A synthetic DNA sequence encoding residues 31–290 of C.
ensiformis pro-conA (UniProt ID: P02866) was codon opti-
mized for E. coli (GenScript) and included a Gly–Ser linker
(encoded by an in-frame BamHI site) between a six-His tag
and tobacco etch virus (TEV) protease recognition site
(Glu–Asn–Leu–Tyr–Phe–Gln–Ser) at the N-terminus. Ser30
of UniProt ID: P02866 was not included because TEV cleav-
age will leave a serine residue at the N-terminus of pro-
conA, hence, reconstituting the native pro-conA protein se-
quence). This synthetic DNA sequence was subcloned into
pQE30 (Qiagen) before being expressed in T7 SHuffle
Express E. coli (New England Biolabs). Cultures were grown

in lysogeny broth containing 100 mg#mL!1 ampicillin and
35 mg#mL!1 kanamycin at 30$C and allowed to cool to
16$C before inducing expression by adding 0.1 mM isopro-
pyl b-D-1-thiogalactopyranoside at OD600 of 0.8–1.0. After
16 h, cultures were harvested by centrifugation and lysed by
ultrasonication in MOPS-salt buffer at pH 6.8 [50-mM 3-(N-
morpholino) propanesulfonic acid, 12.5-mM sodium acetate,
1-M sodium chloride, pH 6.8]. Lysed products were centri-
fuged and the supernatant incubated (batchwise) with Ni-
NTA resin overnight at 4$C. The resin was washed with 100
mL of MOPS-salt buffer and 100 mL of MOPS-salt buffer
containing 20-mM imidazole before the recombinant pro-
tein was eluted with MOPS-salt buffer containing 150-mM
imidazole. Cleavage by TEV protease was then performed by
first dialysing pro-conA into 50-mM sodium acetate, 500-
mM sodium chloride, 1-mM dithiothreitol, pH 5.8 at 4$C for
2 h before centrifugation to remove precipitate that formed
from the decrease in pH. His-tagged TEV protease was
added (10% of pro-conA mass content) and the mixture in-
cubated at 4$C for a further 30 h. To remove the TEV pro-
tease and the N-terminal tag cleaved from pro-conA, the
mixture was dialyzed overnight in MOPS-salt buffer then in-
cubated (batchwise) with Ni-NTA resin overnight. Purified
pro-conA was obtained in flow-through from reverse His-tag
purification before a final concentration of 1-mM manga-
nese chloride and 1-mM calcium chloride was added to pu-
rified pro-conA.

Jack bean AEP expression and purification
A synthetic DNA sequence encoding residues 36–475 of C.
ensiformis AEP (UniProt ID: P49046), including an N-terminal
six-His tag and codon-optimized for E. coli (GeneArt), was
subcloned into pQE30 (Qiagen) before being expressed in
T7 SHuffle Express E. coli (New England Biolabs) containing
the suppressor plasmid pREP4 (Qiagen). The first 35 resi-
dues were excluded as the N-terminal maturation point
for CeAEP1, which involves an autocatalytic cleavage at
residue 35, was known from Edman degradation analysis
(Abe et al., 1993). Expression was performed as above and
cultures were harvested and lysed by ultrasonication in
Tris-salt buffer (50-mM Tris, pH 8.0, 100-mM sodium chlo-
ride) containing 0.1% Triton X-100. Lysed products were
centrifuged and the supernatant incubated (batchwise)
with Ni-NTA resin overnight at 4$C. The resin was washed
with 50 mL of Tris-salt buffer and 50 mL of Tris-salt buffer
containing 20-mM imidazole before the recombinant pro-
tein was eluted with 20 mL of Tris-salt buffer containing
300 mM imidazole. Nickel-purified CeAEP1 was further pu-
rified by anion-exchange chromatography (HiTrap Q HP
5 mL) with gradient of 0–500 mM sodium chloride in
50-mM Tris, pH 8.0 over 90 min, followed by size exclusion
chromatography (HiLoad 16/600 Superdex 200) in 50-mM
Tris, 50-mM sodium chloride.

Crystallization and data collection
For pro-conA, a 10 kDa molecular weight cutoff (M.W.C.O.)
centrifugal filter (Amicon) was used to change buffer to 50-
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mM MOPS, 12.5-mM sodium acetate, 200-mM sodium chlo-
ride, 1-mM manganese chloride, and 1-mM calcium chloride.
Protein was assessed for purity by SDS–PAGE and concen-
trated to 28.7 mg#mL!1. Purified protein was used immedi-
ately for crystallization. Crystal screening was performed
using the sitting-drop vapor diffusion method with 60 mL of
reservoir solution in 96-well Intelli-Plates at 16$C. Crystals
were obtained from sitting drop containing 0.2-mL protein,
0.1-mL mother-liquor (10-mM zinc chloride, 100-mM HEPES,
20% PEG 6000 (w/v), pH 7.0) of the PACT Premier crystalli-
zation screen (Molecular Dimensions). Single crystals were
soaked in mother-liquor supplemented with 25% ethanediol
as a cryoprotectant prior to being flash frozen and stored in
liquid nitrogen. Data collection was performed at 100 K on
the Australian MX2 (microfocus) beamline (McPhillips et al.,
2002) using a wavelength of 0.9537 Å and diffraction data
was collected to 2.1 Å resolution (Table 1).

CeAEP1 was assessed for purity by SDS–PAGE. Purified
protein was used immediately for crystallization. Low-resolu-
tion diffracting crystals were obtained initially using the sit-
ting-drop vapor diffusion method with reservoir condition
100-mM sodium HEPES, 15% PEG 20,000 (w/v), pH 7 from
the ProPlex crystallization screen (Molecular Dimensions).
An additive screen was then performed using the sitting-
drop vapor diffusion method with 30 mL of reservoir solution
(125-mM HEPES, 12.5% PEG 20,000 (w/v), pH 7.5) in a
MiTeGen In Situ 1 crystallization plate at 16$C. Crystals were

obtained from a condition with 0.5 mL of 16.7 mg#mL!1 of
protein, 0.4-mL reservoir solution, 0.1-mL additive (10-mM
ethylenediaminetetraacetic acid disodium salt dihydrate) af-
ter 2 weeks. Single crystals were soaked in mother-liquor
supplemented with 30% glycerol as a cryoprotectant prior to
being flash frozen and stored in liquid nitrogen. Data collec-
tion was performed similarly to pro-conA crystals and dif-
fraction data was collected to 2.7 Å resolution (Table 1).

Structural determination, refinement, and model
building
For both pro-conA and CeAEP1, diffraction data were proc-
essed using XDS programme package (Kabsch, 2010) and
scaled with AIMLESS from the CCP4 program suite (Winn
et al., 2011). Pro-conA crystallized with space group I 1 2 1
and unit cell dimensions a" 59.94 Å, b" 90.42 Å, c" 86.86
Å, b " 91.13$. The structure of pro-conA was solved by
molecular replacement using MOLREP, with conA (PDB:
1JBC; Parkin et al., 1996) as the search model. CeAEP1 crys-
tallized with space group I 1 2 1 and unit cell dimensions
a" 106.99 Å, b" 88.88 Å, c" 109.85 Å, b " 111.72$. The
structure of CeAEP1 was solved by molecular replacement
using MOLREP, with A. thaliana legumain (PDB: 5NIJ;
Zauner et al., 2018b) as the search model. For both pro-
conA and CeAEP1, manual building and refinement was per-
formed in iterative cycles using COOT (Emsley et al., 2010)
and REFMAC5 of the CCP4 program suite. Coordinates and
structure factors were deposited into the PDB under acces-
sion code 6XT6 (pro-conA) and 6XT5 (CeAEP1). Figures il-
lustrating both structures were generated using PyMol.
PyMol was used to calculate r.m.s.d. values. For comparison
of pro-conA and conA functional sites, only the residues in-
volved in the respective functions were aligned.
CheckMyMetal (http://csgid.org/metal_sites; Zheng et al.,
2017) was used to evaluate the assignment of the metal
binding sites in pro-conA.

Analytical ultracentrifugation (sedimentation
velocity)
For AUC analyses, purified pro-conA in MOPS-salt buffer
containing 1-mM manganese chloride and 1-mM calcium
chloride was dialyzed extensively into either a pH 4.5 buffer
or a pH 6.8 buffer (Table 2). Sedimentation velocity experi-
ments were performed in a Beckman Coulter XL-A analytical
ultracentrifuge as previously described (Soares da Costa et
al., 2014, 2016, 2017), employing an 8-hole An50-Ti rotor
and double-sector cells containing synthetic quartz windows.
Cells were loaded with 380 mL of protein at 3.0 or
0.2 mg#mL!1 in either pH 4.5 buffer or pH 6.8 buffer and
400 mL of the respective buffer as reference. Centrifugation
was performed at 40,000 rpm at either 20$C or 30$C, while
data was collected in continuous mode without averaging at
280 nm with a radial step size of 0.003 cm. SEDNTERP soft-
ware (Laue, 2001) was used to compute the estimated sam-
ple partial specific volume (0.732909 mL#g!1), solvent
density and viscosity (Table 2). The continuous

Table 1 Summary of crystallographic data and refinement statistics
for pro-conA and CeAEP1. Values in parentheses are for the highest
resolution shell

Data Collection Pro-conA CeAEP1

Space group I 1 2 1 I 1 2 1
Unit cell dimensions
a, b, c (Å) 59.94, 90.42, 86.86 106.99, 88.88, 109.85
a, b, c ($) 90.00, 91.13, 90.00 90.00, 111.72, 90.00
Wavelength 0.9536 0.9840
Rmerge (%) 12.0 (61.9) 7.5 (76.5)
Rpim (%) 7.7 (39) 4.8 (47)
I/rI 6.5 (1.8) 9.6 (1.4)
Completeness (%) 98.8 (92.6) 98.8 (94.0)
Redundancy 3.4 (3.3) 3.4 (3.6)
CC1/2 0.994 (0.743) 0.997 (0.662)
Refinement
Resolution (Å) 48.88–2.10 45.57–2.69
No. of reflections 26,657 26,353
Rwork/Rfree 0.196/0.245 0.202/0.271
No. of atoms 3,845 6,794
Protein 3,697 6,762
Ligand 68 0
Water 80 32
Wilson B (Å2) 28.1 71.8
Average B factor (Å2) 33.0 75.0
R.m.s.d.:
Bond lengths (Å) 0.0079 0.0038
Bond angles ($) 1.5268 1.3552
Ramachandran Analysis
Favored (%) 97 91
Allowed (%) 3 7
Outliers (%) 0 2
PDB code 6XT6 6XT5
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sedimentation (c(s)) and mass (c(M)) distributions were de-
termined by fitting absorbance as a function of radial posi-
tion to the Lamm equation using SEDFIT (Laue, 2001;
Schuck et al., 2002).

Confirming pro-conA maturation by CeAEP1
in vitro
CeAEP1 was first autoactivated by dialyzing purified CeAEP1
for 4 h in activation buffer (20-mM sodium acetate, 0.1-M
sodium chloride, 1-mM ethylenediaminetetraacetic acid, 5-
mM dithiothreitol, pH 4.0). Pro-conA maturation was per-
formed by incubating 1 mg#mL!1 of pro-conA with 0.1
mg#mL!1 of activated CeAEP1 in MOPS storage buffer at
pH 6.8 for 24 h. Concentrations of pro-conA and conA were
measured by absorbance at 280 nm with a NanoDrop, with
protein extinction coefficient of 33,920 M!1 cm!1 and
32,430 M!1 cm!1, respectively, and molecular weight of
28.22 and 25.57 kDa, respectively. Reaction was stopped by
incubating in 5& sample loading buffer (20% (v/v) glycerol,
15% (w/v) sodium dodecyl sulfate, 312.5-mM Tris, 10-mM
ethylenediaminetetraacetic acid disodium salt, 0.05% (v/v)
b-mercaptoethanol, 0.05% (w/v) bromophenol blue, pH 6.9)
at 37$C for 15 min. Samples were run on SDS–PAGE con-
taining 10 mM reduced glutathione in the running buffer.
Samples were loaded to have roughly similar band intensity
for the band of interest to enable better estimation of rela-
tive protein size (recombinant pro-conA: 0.75 mg, conA
(Sigma): 1.5 mg, CeAEP1-processed conA: 6 mg). Samples
were electrophoresed on a Bolt 4–12% Bis-Tris Plus gel, elec-
troblotted onto Immobilon-PSQ PVDF membrane in
Towbin buffer (25-mM Tris, 192-mM glycine, 10% (v/v)
methanol; Towbin et al., 1979) at 200 mA for 2 h in an ice
water bath. Immobilon-PSQ PVDF membrane was then
stained with 0.025% Coomassie Brilliant Blue R-250, 40%
methanol. N-terminal Edman degradation of the first eight
amino acids was performed by Proteomics International
(Perth, Australia).

To determine pH-dependence of conA circular permuta-
tion by CeAEP1, the in vitro assay was also performed as
above but at pH 4.0 (50-mM sodium acetate, 1-M sodium
chloride, 1-mM manganese chloride, 1-mM calcium chloride,
pH 4.0), pH 5.0 (50-mM sodium acetate, 1-M sodium chlo-
ride, 1-mM manganese chloride, 1-mM calcium chloride,
pH 5.0), pH 6.0 (50-mM 2-(N-morpholino)ethanesulfonic
acid, 1-M sodium chloride, 1-mM manganese chloride,
1-mM calcium chloride, pH 6.0), and pH 7.0 (50-mM 3-(N-
morpholino) propanesulfonic acid, 1-M sodium chloride,

1-mM manganese chloride, 1-mM calcium chloride, pH 7.0)
for 48 h.

Circular dichroism
Pro-conA was concentrated to 10 mg#mL!1 using 10 kDa
M.W.C.O. centrifugal filter (Amicon) in MOPS-salt buffer.
ConA purified from C. ensiformis (Type VI, lyophilized pow-
der, Sigma-Aldrich, Cat No. L7647) was solubilized to 10
mg#mL!1 in MOPS-salt buffer with 1-mM manganese chlo-
ride and 1-mM calcium chloride. Proteins were then diluted
100 times in water to 0.1 mg#mL!1, pH 6.5 immediately be-
fore CD melt curve analysis. Melt curves were measured at
218 nm with a temperature slope of 1$C#min!1 from 25$C
to 95$C, 4-s response time, 5 nm bandwidth. A biphasic
curve (GraphPad Prism, version 8.00) was fitted to the data.
No-heat controls for pro-conA and conA were performed
by measuring ellipticity at 25$C for the same duration as
the heat analysis. For pH stability analysis, pro-conA and
conA were prepared in 20-mM Tris, pH 5.8, 1-M sodium
chloride, 1-mM calcium chloride, 1-mM manganese chloride
before diluting 100 times for CD analysis. CD measurements
were performed in triplicate using JASCO J-810 spectropo-
larimeter with quartz cuvette of 1 mm path length, 100 mil-
lidegree sensitivity, 1 nm data pitch, 100 nm min!1

scanning speed, 2-s response time, 4 nm bandwidth, three
accumulations, between 190 and 260 nm at room tempera-
ture (24$C).

Isothermal titration calorimetry
Microcal iTC200 from GE healthcare was used to perform
ITC analysis. Pro-conA and conA were dialysed in 50-mM
MOPS, 12.5-mM sodium acetate, 1-M sodium chloride,
1-mM calcium chloride, 1-mM manganese chloride, pH 5.8,
and concentrated down to 449.4 mM and 439.5 mM, respec-
tively. The ligand, methyl-a-D-mannose, was dissolved to 8
mM with the same buffer used in protein sample dialysis.
Protein samples were placed in the sample cell (cell volume
" 200 mL) and titrated with methyl-a-D-mannose. Titrations
were performed at 25$C with a stirring speed of 750 rpm.
Methyl-a-D-mannose was injected 76 times from a com-
puter controlled syringe, at a volume of 0.5 mL over 1 s for
each injection, with a spacing of 150 s between injections.
Only 0.25 mL was injected for the first injection and ignored
in analysis to minimize potential errors from preparation.
Experimental data were fitted to a theoretical titration curve
using the Origin software (version 2002, OriginLab
Corporation). A “one site model” was used to generate the
curve, with DH (enthalpy change), Ka (association constant),

Table 2 Solvent properties for AUC analyses

Buffer Constituents Density (g#mL21) Viscosity (cp)

pH 4.5 buffer 50-mM sodium acetate, 0.5-M sodium chloride, 0.2-mM manganese chlo-
ride, 0.2-mM calcium chloride, pH 4.5

1.0211 0.0106284

pH 6.8 buffer 50-mM 3-(N-morpholino) propanesulfonic acid, 12.5-mM sodium acetate,
0.5-M sodium chloride, 0.2-mM manganese chloride, 0.2-mM calcium
chloride, pH 6.8

1.0232 0.0108354
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and the stoichiometry of the protein–ligand complex set as
variable parameters.

Accession numbers
The structures and structure factors of pro-conA and
CeAEP1 have been deposited in the PDB under accession
numbers 6XT6 and 6XT5, respectively. The plasmids to ex-
press jack bean pro-conA (pQE30-TEV-pro-conA) and AEP1
(pQE30-CeAEP1) are available at Addgene under IDs 159527
and 159528, respectively.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Sequence from pre-pro-conA to
conA and conA fragments.

Supplemental Figure S2. Recombinant pro-conA purifica-
tion and confirming full-length protein after crystal trials.

Supplemental Figure S3. ConA functional sites remain
unchanged after circular permutation.

Supplemental Figure S4. Pro-conA and conA have similar
structures.

Supplemental Figure S5. N-terminal Edman degradation
of pro-conA processed by recombinant CeAEP1.

Supplemental Figure S6. ConA circular permutation by
CeAEP1 is most efficient around pH 5.

Supplemental Figure S7. Pro-conA and conA stability
with and without heat treatment.

Supplemental Figure S8. Circular permutation has no ef-
fect on conA binding to methyl-a-D-mannose.

Supplemental Figure S9. Recombinant CeAEP1 purifica-
tion and activation.

Supplemental Figure S10. CeAEP1 residues involved in
catalytic activity.

Supplemental Figure S11. Different crystal contacts
resulting in differences between CeAEP1 monomers in crys-
tal structure.

Supplemental Figure S12. AEP Alignment.
Supplemental Figure S13. Pro-conA and conA have dif-

ferent interactions at His185 and His3.
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Supplemental Figures 

 
Supplemental Figure S1 | Sequence from pre-pro-conA to conA and conA fragments. In pre-pro-conA, 

chain B (pink) forms the N-terminal half and chain A (green) forms the C-terminal half of the protein. 

Pre-pro-conA contains an N-linked glycan group (grey ball-and-stick) at N123. ER-signal (black) is cleaved 

off co-translationally to form pro-conA. N-linked glycan is typically included when describing pro-conA, 

but for brevity, we describe deglycosylated pro-conA as just pro-conA. Residues cleaved off during 

circular permutation to form conA are in grey. Residue numbering for pre-pro-conA starts after N-

terminal ER-signal to match pro-conA numbering. Residues renumbered in conA as chain A is circularly 

permuted to become the N-terminal half and chain B becomes the C-terminal half. Other than full-

length conA, CeAEP1 processing in vitro produces conA fragments, labelled band II-IV on SDS-PAGE 

analysis (Figure 6), which correlates to those observed in jack bean seeds (Sheldon et al., 1996). 

Presence of C-terminal sequence in band II (underlined by grey dashed line) is not confirmed. Supports 

Figure 1 & 6.  
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Supplemental Figure S2 | Recombinant pro-conA purification and confirming full-length protein after 
crystal trials. His-tagged TEV-pro-conA was purified on a nickel column (Lane 1) and cleaved by TEV 

protease to remove the N-terminal His-tag, reconstituting the native N-terminus in recombinant pro-

conA. Recombinant pro-conA was purified from TEV protease using reverse His-tag purification on nickel 

column (Lane 2). SDS-PAGE confirming pro-conA is a full-length monomer (Lane 3) despite absence of 

electron density in the 15-amino acid intervening peptide that could have been interpreted as spurious 

cleavage by other enzymes. Recombinant pro-conA from crystal trials was dissolved in MOPS storage 

buffer, run on an SDS-PAGE gel and Coomassie stained. Supports Figure 2. 
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Supplemental Figure S3 | ConA functional sites remain unchanged after circular permutation. Pro-

conA (wheat); conA (pale cyan); calcium (yellow sphere); manganese (purple sphere); ethane diol (EDO). 
(A) Monosaccharide binding site: Asp90, Arg110 and Asn148 in pro-conA; Asp208, Arg228 and Asn14 in 

conA (PDB: 1JBC). (B) Monosaccharide specificity loop: Thr231-Glu236 in pro-conA; Thr97-Glu102 in 

conA (PDB: 1JBC). (C) Residues coordinated to manganese ion: E142, D144, D153 and H158 in pro-conA; 

E8, D10, D19 and H24 in conA. Residues coordinated to calcium ion: D144, Y146, N148, D153 in pro-

conA; D10, Y12, N14, D19 in conA. Calcium and manganese ions are shown as smaller spheres so that 

the coordination (dashed lines) with the residues can be seen. (D) Key residues in locked/active state of 

pro-conA and conA: Ala89, Asp90, Asp144, Thr145, Tyr146 in pro-conA; Ala207, Asp208, Asp10, Thr11, 

Tyr12 in conA (PDB:1JBC). (E) Hypothesised hydrophobic cavity: Ala7, Leu8, Val61 and Leu249 in pro-

conA; Ala125, Leu126, Val 179 and Leu115 in conA (PDB: 4PF5). Electron density maps (2Fobs-Fcalc) for key 

amino acid residueƐ�ĂƌĞ�ĐŽŶƚŽƵƌĞĚ�Ăƚ�ƚŚĞ�ϭʍ�ůĞǀĞů. PDB: 4PF5 used for comparing hydrophobic cavity in 

panel E as it was similarly crystallised with EDO in the cavity. The relative positions of these functional 

sites are highlighted in Figure 2. 
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Supplemental Figure S4 | Pro-conA and conA have similar structures. Overlay of pro-conA (pink and 

green as described in Figure 2) and conA (grey) (PDB:1JBC). In pro-conA, there is a 15-amino acid 

intervening peptide (blue dashes), which could not be modelled due to lack of electron density, and the 

original N-terminus (black sphere) and C-terminus (red sphere). During circular permutation, the 15-

amino acid intervening peptide is cleaved off, and the original N- and C- termini are transpeptidated 

(grey sphere). Calcium (yellow spheres) and manganese (purple sphere) ions in the ‘metal binding loop’ 

are nearly perfectly overlaid between pro-conA and conA. Calcium and zinc (orange sphere) outside of 

the ‘metal binding loop’ are present in the pro-conA structure due to crystal conditions.  
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Supplemental Figure S5 | N-terminal Edman degradation of pro-conA processed by recombinant 
CeAEP1. N-terminal Edman degradation was performed on the protein band highlighted in Figure 6A. A 

search for all possible permutations from Edman degradation indicated presence of two overlapping 

sequences (text in blue and orange, respectively) that are present in the conA sequence and underlined 

in Figure 6B. DMPTU (dimethylphenylthiourea) and DPTU (diphenylthiourea) are normal by-products of 

the Edman degradation process. *Confidence for Ala in Cycle 6 is low because absorbance for Ala in 

Cycle 6 is lower than in Cycle 5, and so could be due to carry over from Cycle 5. 
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Supplemental Figure S6 | ConA circular permutation by CeAEP1 is most efficient around pH 5. SDS-

PAGE of recombinant pro-conA (Lane 1), pro-conA processed by CeAEP1 at pH 4 (Lane 2), pH 5 (Lane 3), 

pH 6 (Lane 4) and pH 7 (Lane 5). At pH 5 and 6, pro-conA is completely processed by CeAEP1 by 

transpeptidation or hydrolysis to produce circularly permutated conA (Band I) or fragmented two-chain 

conA (Band III and IV), respectively. Processing at pH 4 and pH 7 yields an additional band (band II). As 

described in Supplemental Figure S1, band II corresponds to an incompletely-processed fragment. 

Supports Figure 6. 
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Supplemental Figure S7 | Pro-conA and conA stability with and without heat treatment. (A) No-heat 

controls show no dramatic changes to ellipticity at 218 nm for pro-conA and conA when maintained at 

25 qC for the duration of the heat analysis (75 minutes) in Figure 7A, indicating that pro-conA and conA 

are stable. (B) SDS-PAGE analysis of pro-conA and conA after heat analysis by CD (Lanes 2 and 4) and 

after no-heat control analysis (Lanes 1 and 3). To determine if any soluble proteins remained, samples 

were centrifuged at 15,000 x g for 10 minutes and supernatant analysed on SDS-PAGE. Pro-conA (Lane 

2) and conA (Lane 4). Pro-conA (Lane 1) and conA (Lane 3) no-heat controls. 
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Supplemental Figure S8 | Circular permutation has no effect on conA binding to methyl-D-D-mannose. 
ITC analysis shows that pro-conA and conA have similar KA (association constant). Pro-conA and conA 

were titrated with methyl-D-D-mannose (injectant) at 25 °C. Top panels display raw data for 76 0.5 PL-

injections. Data points for the integrated curves are displayed in the bottom panel. Baseline and 

integration ranges were determined automatically by the Origin� software (version 2002, OriginLab 

Corporation) supplied by MicroCal. Supports Figure 7. 
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Supplemental Figure S9 | Recombinant CeAEP1 purification and activation. (A) Size exclusion 

chromatograph of CeAEP1 using HiLoad 16/600 Superdex 200. Inset: SDS-PAGE analysis of collected 

peak fraction. Lower MW proteins present after size exclusion possibly due to autocatalytic cleavage 

occurring at high protein concentration. (B) CeAEP1 activated by autocatalytic cleavage at pH 4. Lane 1: 

Nickel-purified CeAEP1. Lane 2: CeAEP1 dialysed at pH 4 for 4 hours then dialysed to pH 6.5. Multiple 

bands indicate that autocatalytic cleavage occurs at multiple sites, which is typical for AEPs (Yang et al., 

2017; Haywood et al., 2018; Hemu et al., 2019; James et al., 2019). Supports Figure 8. 
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Supplemental Figure S10 | CeAEP1 residues 
involved in catalytic activity. Electron density 

maps (2 Fobs – FcalcͿ�ĐŽŶƚŽƵƌĞĚ�Ăƚ�ϭʍ level (A) 

Catalytic triad (N53, H158, C200) and succinimide 

intermediate (Snn157) displayed as orange sticks; 

glutamine residue from cap domain (Q335) 

displayed as grey sticks. (B) Substrate binding 

pockets viewed from above the core domain with 

residues in S1, S1഻�and ^Ϯ഻�pockets labelled and 

shaded accordingly. Structural alignment of S1 

pocket (C)͕�^ϭ഻ pocket (D) ĂŶĚ�^Ϯ഻�pocket (E). 

CeAEP1 (orange), HaAEP1 (wheat), AtLEGJ (light 

blue), OaAEP1 (pale yellow), VyPAL2 (light pink), butelase1 (pale green). CeAEP1 residues labelled. 

Catalytic cysteine of AtLEGJ (C200 in CeAEP1) not displayed as it was crystallised as methylated cysteine. 

Supports Figure 8. 
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Supplemental Figure S11 | Different crystal contacts resulting in differences between CeAEP1 
monomers in crystal structure. Backbone of the monomers is shown as red sticks. Backbone of 

monomers in adjacent asymmetric units is shown as light-blue sticks. Residues N283-F289 of 

monomer A form close contacts with residues S469´ and N470´ of a monomer in an adjacent asymmetric 

unit (symmetry operation -x+1/2, y-1/2, -z+1/2) (A), whereas residues N283-F289 of monomer B form 

close contacts with residues around K112´ and G140´ of the same monomer in the same adjacent 

asymmetric unit (B). Residues Y347-I360 of monomer A do not have any close crystal contacts (C),  

whereas residues Y347-I360 of monomer B form close contacts with residues D408´ and T410´ of a 

monomer in an adjacent asymmetric unit (symmetry operation: -x+1, y, -z) (D). Electron density maps (2 

Fobs – FcalcͿ�ĐŽŶƚŽƵƌĞĚ�Ăƚ�ϭʍ�ůĞǀĞů͘��ŝĨĨĞƌĞŶĐĞ�ŵĂƉ�;&obs – FcalcͿ�ĐŽŶƚŽƵƌĞĚ�Ăƚ�ϯʍ�ůĞǀĞů�ǁŝƚŚ�ŐƌĞĞŶ�ĂƐ�ƉŽƐŝƚŝǀĞ�
difference and red as negative difference. Supports Figure 8. 
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Supplemental Figure S12 | AEP Alignment. Protein sequence alignment of CeAEP1 (Uniprot: P49046), 

HaAEP1 (Uniprot: A0A0G2RI59), AtLegJ (Q39119), OaAEP1 (Uniprot: A0A0N9JZ32), VyPAL2 (Uniprot: 

A0A509GV09), and butelase1 (Uniprot: A0A060D9Z7). CeAEP1 major secondary structure is labelled and 

ŶƵŵďĞƌĞĚ�ĂďŽǀĞ�ĞĂĐŚ�ƌŽǁ͘��ĂƚĂůǇƚŝĐ�ƚƌŝĂĚ�;ƌĞĚ�ƐƚĂƌƐͿ͖�^ϭ�ƉŽĐŬĞƚ�;ƉƵƌƉůĞ�ĐŝƌĐůĞƐͿ͖�^ϭ഻�ƉŽĐŬĞƚ�;ďƌŽǁŶ 

ĐŝƌĐůĞƐͿ͖�^Ϯ഻�ƉŽĐŬĞƚ�;ŐƌĞĞŶ�ĐŝƌĐůĞƐͿ͖�ƌĞŐŝŽŶƐ�ƐŽ-called Ligase-Activity Determinant 1 (orange bar); Ligase-

Activity Determinant 2 (blue bar); Marker of Ligase Activity (pink bar). Flexible linker region between 

‘core’ and ‘cap’ domains (dash line). Supports Figure 8. 
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Supplemental Figure S13 | Pro-conA and conA have different interactions at His185 and His3. His185 

of pro-conA (A and B) interacts with different residues from the opposing subunit as compared to the 

equivalent His51 of conA (C). His3 of pro-conA interacts with His3 from an opposing subunit (D) in a 

different manner from the equivalent His121 of conA (E). Colour scheme according to the subunits in 

Figure 3. In pro-conA, only two subunits of the tetramer are discussed as the other two subunits are 

mirrored and only one subunit is discussed if electron density data is not available. In conA, only one 

subunit of the tetramer is discussed as the other three subunits are mirrored. Distance of closest atoms 

between interacting residues are labelled. Only non-bonded contacts are formed at these histidine 

residues, with one instance of a non-essential calcium ion (yellow sphere) interacting with His185 of pro-

conA (B). Water molecules (red sphere). ConA model obtained from PDB: 1JBC. 
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Supplemental Tables 

Supplemental Table S1: Interactions analysis using PDBePISA 

Interactions Buried surface 
area (Å2) 

No. of interface 
residues 

No. of salt 
bridges 

No. of H 
bonds 

apro-conA – subunits I and III 733 24 5 6 
aconA – subunits I and III 1034 31 8 12 
bpro-conA – subunits I and II 1012 30 0 16 
bconA – subunits I and II 1124 31 0 24 

 

aInteractions between subunits I and III in a tetrameric complex (See Figure 3). 
bInteractions between subunits I and II in a tetrameric complex (See Figure 3). 

Supplemental Table S2: r. m. s. d. of CD-atoms of CeAEP1 zymogen and its homologs 

Enzyme Chain r. m. s. d. (Å) Aligned 
residues 

No. of 
residues 

Sequence 
identity (%) 

AtLegJ A 1.1 409 428 62 

OaAEP1 A 1.0 390 400 58 

VyPAL2 B 1.1 407 424 54 

butelase1 B 1.1 400 429 55 

Note: No structure for HaAEP1 zymogen  

 

Supplemental Table S3: r. m. s. d. of CD-atoms of CeAEP1 core domain and its homologs 

Enzyme Chain r. m. s. d. (Å) Aligned 
residues 

No. of 
residues 

Sequence 
identity (%) 

HaAEP1 A 0.5 270 273 77 

AtLegJ A 0.6 265 280 72 

OaAEP1 A 0.6 267 274 63 

VyPAL2 B 0.7 268 273 61 

butelase1 B 0.7 267 280 59 
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Chapter 3: A potential peptide supercycliser in Zinnia 

haageana 
 

Preface 

Asparaginyl endopeptidases (AEPs) in plants have evolved to macrocyclize peptides by 

coupling cleavage to peptide bond formation, i.e., cleavage-coupled transpeptidation. 

However, the elucidation of several plant AEP structures of varying transpeptidase 

efficiency over the last few years by us and other research groups has revealed that the 

AEPs that are predominantly transpeptidases are very similar to those that are 

predominantly hydrolases. It has therefore been difficult to pinpoint with certainty 

which amino acid residues might determine the catalytic preference.  

Based on a screen of the transcriptome of over a hundred different plants in the 

Astereceae family, Zinnia haageana was found to encode a surprisingly high number of 

cyclic peptides1. Here, in situ assays on a non-native substrate using MALDI-TOF 

analysis indicated that Z. haageana seed extracts contain an activity that efficiently 

macrocyclised and notably from a substrate where the P1 was an Asp, not Asn, which is 

the usual preferred P1 for AEPs. The seed extracts of Z. haageana processed a linear 

SFTI-GLDN peptide substrate with an aspartate residue at the proto-C-terminal at close 

to 100% efficiency and this near 100% efficacy and Asp preference was atypical for the 

in situs performed. In an effort to discover an efficient macrocycliser able to target Asp, 

we identified the most highly expressed AEP transcript (ZhAEP1) using RNA-seq and 

de novo transcriptome assembly. A full-length sequence was cloned, and a recombinant 

protein made to match, but biochemical assays with it showed that this ZhAEP1 

behaved like a typical cleavage-dominant AEP with a preference for Asn residues. 

It remains to be seen if an AEP efficient at carrying out transpeptidation at Asp residues 

can be isolated or bioengineered. Doing so would allow us to better understand the 

transpeptidation mechanism and potentially advance research in the development of 

stable peptide drugs more generally without having to rely on Asn alone. 

Author contribution: Nonis, S.G. and Mylne J.S. conceptualised the study. Nonis, S.G. 

performed the experiments. Jayasena, A.S. performed the in-situ assay. Nonis, S.G. 

wrote the chapter with input from Mylne, J.S. 
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Macrocyclic peptides are known to be inherently more stable than their linear 

counterparts. This has practical applications especially in the pharmaceutical 

industry. There is therefore interest in finding out how cyclic peptides are 

synthesised in nature. Plant asparaginyl endopeptidases (AEPs) were discovered to 

produce cyclic peptides through a macrocyclisation reaction, but the structural 

features that allow an AEP to become efficient at this process is still an area of 

intense study. Based on a screen of over a hundred different plants in the 

Astereceae family, Zinnia haageana was found to encode a surprisingly high 

number of cyclic peptides. Here, in situ assays using synthetic substrates and crude 

seed extracts from various species indicated Z. haageana seeds contain a highly 

efficient macrocycliser that prefers Asp over Asn. This is unusual as almost all 

known macrocyclising plant AEPs prefer Asn over Asp. In an effort to discover 

this efficient macrocycliser-from-Asp, we identified the most highly expressed 

Z. haageana AEP using transcriptome analysis. However, MALDI-TOF analysis of 

the products of an in vitro assay with the recombinant AEP showed that it was a 

weak cycliser that does not act on Asp target residues. More work needs to be done 

to discover the first efficient Asp-preferring AEP.  
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Introduction 

Macrocyclic peptides of plant origin are small backbone-cyclic peptides encoded by 

genes and cyclised post-translationally via the formation of an N- to C-terminal 

intramolecular peptide bond 1-4. Many plant cyclic peptides are further stabilised by one 

to three intramolecular disulfide bonds5, 6. The increased stability against enzymatic 

breakdown, heat and chemical stress7, 8, and the amenability to amino acid substitutions 

have led to an interest in developing macrocyclic peptides as drug scaffolds9, 10, spurring 

investigations into their biosynthetic pathway. 

Plant macrocyclic peptides are processed from larger precursors; some are dedicated 

precursors that range in size and repeat number, while others encode separate proteins 

with distinct functions 11-13. Biosynthesis of macrocyclic peptides involves an initial 

cleavage reaction to excise the peptide from the precursor. Asparaginyl endopeptidases 

(AEPs) have been shown to be involved in the subsequent transpeptidation reaction 

between the proto-termini, resulting in macrocyclisation3, 4, 11, 13, 14. How the peptide 

interacts with AEP has been discussed in detail by Haywood et al.15 and Zauner et al. 16 

using structural data of substrate-bound AEPs, providing reasonable postulates for the 

likely residues involved in influencing transpeptidation efficiency. AEPs have gained 

considerable interest in the past few years due to the discovery of two very efficient 

transpeptidases, butelase 1 and Oldenlandia affinis AEP1 (OaAEP1)17, 18. However, the 

rationale for the preference of Asn over Asp as the P1 residue (nomenclature according 

to Schechter & Berger19) is still poorly understood. It was hypothesised that Asp is 

accepted as a P1 residue at pH <5.5 because the Asp sidechain resembles Asn when it is 

protonated at low pH conditions 20-22. As transpeptidation activity appears to occur 

typically around pH 6 to neutral pH conditions15, 23, an efficient macrocyclising AEP 

which also prefers an Asp at the P1 residue seems an unlikely occurrence. The 

sunflower AEP, Helianthus annuus AEP1, presents an interesting scenario whereby it 

appears to perform efficient macrocyclisation of Sunflower Trypsin Inhibitor-1 (SFTI-

1), which has an Asp P1 residue. Careful analysis of SFTI-1 biosynthesis revealed that 

poor transpeptidation efficiency was masked through the degradation of AEP products 

that have undergone hydrolysis rather than macrocyclisation3. Ricinus communis AEP1 

is otherwise the only known Asp-preferring AEP, an inefficient AEP when similarly 

tested with non-native SFTI-1 in an in situ assay developed by Bernath-Levin et al. 

(2015)3. 
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We were therefore surprised when our preliminary findings showed that the seed of the 

Zinnia haageana and Santivalia procumbens contain enzyme/s capable of processing a 

non-native synthetic version of SFTI-1 to give a high ratio of cyclic to linear product 

(Figure 3.1). In this assay, non-native synthetic substrates SFTI-GLDN 

(GRUTKSIPPIUFPDGLDN) and SFTI(D14N)-GLDN (GRUTKSIPPIUFPNGLDN), 

which have an Asp and an Asn P1 residue, respectively (shown as bold and underlined 

in the peptide sequence), were used to determine Asp/Asn preference in several plant 

species. These substrates contain seleno-Cys (denoted by U)  in place of Cys to give the 

peptide substrates and processed products a distinctive isotopic pattern that can be 

easily distinguished in mass spec analyses.  

Due to limitations in raw materials, further analysis could be carried out only on 

Z. haageana. Z. haageana was one of the species investigated using the in situ assay 

because its transcriptome was discovered to encode many more cyclic peptide genes 

than usual24. To characterise a putative AEP capable of efficient macrocyclisation at 

Asp target residues and to understand the structural basis for the enzyme mechanism, 

we sought to identify and isolate from Z. haageana the most likely AEP candidate that 

would perform this unique reaction. Studying this putative enzyme would improve our 

understanding of the structural landscape of an efficient AEP transpeptidase and 

potentially allow us to begin bioengineering plant AEPs with different preferences for 

target residues. 
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Figure 3.1 | MALDI-TOF spectra of in situ assays using substrate with an Asn or Asp 
target residue. Diselenide SFTI(D14N)-GLDN (left) and diselenide SFTI-GLDN (right) were 

used as substrate for in situ assay on five different species. The 1607 Da mass is consistent with 

that of cyclic product, which is produced by macrocyclisation of the substrate. The 1625 Da 

mass is consistent with that of acyclic product, which is produced by hydrolysis of the 

substrate. The 1682 Da mass is an inert synthetic peptide, which was added to allow rough 

quantitation of the products. 
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Materials and Methods 

In situ assay 

Mature dry seeds (0.1 g) of Z. haageana were crushed in 300 µL of AEP activity buffer 

as described in Bernath-Levin et al. (2015)3. Non-native synthetic substrates SFTI-

GLDN and SFTI(D14N)-GLDN were added to seed extract to give a final concentration 

of 4 mM and a final reaction volume of 20 µL. These peptide substrates have a 

diselenide bond between two seleno-cysteine residues (denoted by U in the peptide 

sequence) in place of a disulfide bond. This reaction mixture was incubated for four 

hours at 37 °C. The reaction mixtures were purified with C18 zip tips before analysing 

for the cyclic and acyclic masses of the peptide substrates using MALDI-TOF analysis 

as described in Bernath-Levin et al. (2015)3. 

Zinnia haageana seed de novo transcriptome assembly 

Z. haageana seed RNA transcriptome (NCBI SRA: SRX659706) was generated by 

Jayasena et al. (2017)24. Subsequently, de novo transcriptomes were assembled using 

CLC Genomics Workbench v11.0 (CLC bio). Untrimmed forward and reverse reads 

were paired upon import to CLC Workbench and processed by trimming twice using a 

quality score of 0.01, allowing for a maximum of two ambiguous nucleotides per read 

after trimming, discarding reads below 20 nucleotides in length, and trimming off the 

adapter sequence. De novo assembly was performed with the following parameters: 

mapping mode = map reads back to contig; update contigs = yes; bubble size = 500; 

minimum contig length = 100; automatic word size/k-mer = 24; perform scaffolding = 

yes; auto-detect paired distances = yes; mismatch cost = 2; insertion cost = 3; deletion 

cost = 3; length fraction = 0.5; similarity fraction = 0.8. The “map reads back to contig” 

option enables determination of relative mRNA abundance of assembled transcripts. 

Identifying and cloning Zinnia haageana AEP1 

To find AEP transcripts, tBLASTn was used to search the de novo assembled 

Z. haageana seed transcriptome, with the amino acid sequence of sunflower HaAEP1 

(GenBank: AIZ09514.1) as the query. ZhAEP1 ORF sequence was confirmed by 

amplifying ZhAEP1 genomic DNA extracted from Z. haageana seeds (Z. haageana 

Persian Carpet Mix from B and T World Seeds) using the DNeasy mericon Food Kit 

(Qiagen). ZhAEP1 genomic DNA was amplified in three overlapping fragments and 

cloning into pGEM-T Easy vector for sequencing. 1st fragment: 0.2 kb, 2nd fragment: 

2.6 kb, 3rd fragment: 1.8 kb. There was a 93 bp overlap between the 1st and 2nd 
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fragments and a 55 bp overlap between the 2nd and 3rd fragments. Primers for 

amplifying ZhAEP1 (Table 3.1) were designed with reference to the closely-related 

HaAEP1 genomic sequence to avoid spanning of exon/intron junctions. The HaAEP1 

gene is found on chromosome 17, nucleotide position 91081508-91085721 in the 

common sunflower (Helianthus annuus) genome (sunflowergenomebrowser.org). 

Table 3.1: Primers used to confirm ZhAEP1 DNA sequence.  

Primer Sequence 

P1-F GGGTCTTGTAATTGTAAGACTCAGCTGAAG 

P1-R GCCTTATGTTAACGGAACAAGTACACGC 

P2-F ATCAAGGATCCGATCCGGTCACCAGTGGATGTAGATGTAG 

P2-R CTGCAGGTCGACGGCACACCAGCATAGACGTTATCACC 

P3-F ATCAAGGATCCGGCCCGGTGTCATTATCAATAACCCG 

P3-R CTGCAAGTCGACCATGAGATCGAAGACGTACGAGGTC 

 

Zinnia haageana AEP1 expression, purification and auto-activation 

A synthetic DNA sequence encoding of residues 27-493 of ZhAEP1, including an N-

terminal six-His tag and codon-optimised for E. coli (GenScript), was sub-cloned into 

pQE30 (Qiagen) before being expressed in T7 Shuffle Express E. coli (New England 

Biolabs) containing the suppressor plasmid pREP4 (Qiagen). The first 26 residues were 

excluded as that was the predicted ER signal sequence. Cultures were grown in 

lysogeny broth containing 100 µg/mL ampicillin and 35 µg/mL kanamycin at 30 °C and 

allowed to cool to 16 °C before inducing expression by adding 0.1 mM isopropyl β-D-

1-thiogalactopyranoside at OD600 of 0.8-1.0. After 16 hours, cultures were harvested by 

centrifugation and lysed by ultrasonication in tris-salt buffer (50 mM Tris, 0.1% Triton-

X, 100 mM sodium chloride, pH 8.0). Lysed products were centrifuged and the 

supernatant incubated (batch-wise) with Ni-NTA resin overnight at 4 °C. The resin was 

washed with 50 mL of Tris-salt buffer and 50 mL of Tris-salt buffer containing 20 mM 

imidazole before the recombinant protein was eluted with 20 mL of Tris-salt buffer 

containing 300 mM imidazole. Auto-activation of nickel-purified ZhAEP1 was 

performed by dialysing ZhAEP1 for four hours in activation buffer (20 mM sodium 

acetate, 0.1 M sodium chloride, 1 mM ethylenediaminetetraacetic acid, 5 mM 

dithiothreitol, pH 4.0), and returning the pH to pH 6.5 by dialysing in ligation buffer (20 
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mM 2-(N-morpholino)ethanesulfonic acid, 0.1 M sodium chloride, 1 mM 

ethylenediaminetetraacetic acid, 5 mM dithiothreitol, pH 6.5). 

In vitro assay 

A reaction mix containing 250 µM of the synthetic diselenide peptide substrate (SFTI-

GLDN or SFTI(D14N)-GLDN) and 25 µM of the native cyclic SFTI-1, which is used 

an internal standard for quantitation, is incubated with 0.4 mg/mL of AEP in 20 mM 2-

(N-morpholino)ethanesulfonic acid, 1 mM ethylenediaminetetraacetic acid, 5 mM 

dithiothreitol, pH 6.5) at 37 °C for 16 hours. Reaction was stopped by diluting 100X 

into a solution containing 50% acetonitrile and 0.1% formic acid in preparation for 

MALDI-TOF MS analysis. 

MALDI –TOF MS 

One microlitre of the 100X diluted reaction mix was spotted with 1 µL of matrix onto 

an MTP AnchorChip 384 plate. The matrix was prepared by adding an excess of α-

cyano-4-hydroxycinnamic acid matrix (Fluka) to a solution containing 90% acetonitrile 

and 0.1% formic acid, sonicating for 15 min and then centrifuging at 10,000 x g for 5 

min. The supernatant was diluted 10-fold in acetonitrile for matrix application. Spots of 

the mixture were air-dried and analysed with an UltraFlex III MALDO-TOF/TOF mass 

spectrometer (Bruker Daltonics) at 40% laser intensity with 1,000 shots for MS analysis 

per spot. 

Results 

In situ assay reveals preference for macrocyclisation activity at Asp residue 

An in situ assay developed by Bernath-Levin et al. (2015)3 was performed to determine 

the presence of macrocyclisation activity in the seeds of Z. haageana. In this assay, 

Z. haageana seeds were crushed in an aqueous buffer, clarified and then incubated with 

artificial peptide substrates. MALDI-TOF analysis was then used to determine if the 

peptide substrates were hydrolysed or macrocyclised. We detected peaks corresponding 

to both the cyclic and acyclic products when Z. haageana seed extract was incubated 

with SFTI-GLDN or SFTI(D14N)-GLDN, which are non-native synthetic peptides 

commonly used to detect macrocyclisation activity. A surprisingly large proportion of 

the products corresponded to the mass of the cyclic product when the SFTI-GLDN 

substrate was tested (Figure 3.1). Several AEPs that are efficient at performing 

transpeptidation at an Asn target residue have been identified and characterised4, 17. This 
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result indicates that Z. haageana seed extract contains an enzyme/s that is very efficient 

at performing transpeptidation at an Asp residue. 

Cloning Zinnia haageana AEP1 

To find AEP sequences from Z. haageana, de novo transcriptome assembly was 

performed. Four full AEP open reading frames (ORF) and one partial AEP ORF was 

identified from the assembly (Table 3.2; Figure 3.2). The AEP transcript with the 

highest total read count, 70-400 times more than the other transcripts, was named Zinnia 

haageana AEP 1 (ZhAEP1); it encodes a 493-residue protein. The remaining full-length 

ZhAEP transcripts were named ZhAEP2, ZhAEP3 and ZhAEP4, and the partial ZhAEP 

transcript was named ZhAEP5. As the assembled transcript of ZhAEP1 had low mRNA 

read counts at the N- and C-termini, we sought to confirm the full sequence of the 

ZhAEP1 ORF by sequencing ZhAEP1 DNA, which was extracted from Z. haageana 

seeds (Figure 3.3; Figure 3.4). 

Table 3.2: AEP open reading frames.  

 Consensus length 

(nucleotides) 

Total read 

count 

Average 

coverage 

ZhAEP1 1935 120280 6239.29 

ZhAEP2 1672 473 28.33 

ZhAEP3 1717 1142 66.81 

ZhAEP4 1698 1654 97.68 

ZhAEP5 1613 309 19.15 
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Figure 3.2 | RNA-seq read coverage of AEP sequences in Z. haageana seeds. X-axis: 

alignment position of the ORF (direction of ORF indicated by arrow in the top corner of each 

box). Y-axis: read coverage. The graph illustrates the number of reads contributing to a given 

position of each of the five AEP transcripts obtained through de novo transcriptome assembly. 

ZhAEP1-ZhAEP4 display RNA-sequence reads that are mapped to complete ORFs, whereas 

ZhAEP5 displays RNA-sequence reads that are mapped to a partial ORF. Based on the total 

read count, ZhAEP1 mRNA levels are higher than the other ZhAEPs by: 253 times (ZhAEP2), 

105 times (ZhAEP3), 72 times (ZhAEP4), and 389 times (ZhAEP5). 

Figure 3.3 | Confirming the ZhAEP1 open reading frame. The ZhAEP1 open reading 
frame was confirmed by designing three primer pairs (Pair 1: P1-F and P1-R, Pair 2: 
P2-F and P2-R, Pair 3: P3-F and P3-R) to amplify the gene in three overlapping 
fragments for sequencing (A). Intron (black line)/exon (green box) junctions were 
identified based on canonical splicing recognition sites. The exon sequence is identical 
to that obtained by de novo transcriptome assembly. Primers P1-F and P3-R are 
complementary to the sequences immediately upstream of the start codon and 
immediately downstream from the stop codon, respectively. Primers P2-F, P2-R and 
P3-F were designed within postulated exon regions by following the gene structure of 
sunflower AEP1 (HaAEP1) (B), which is available on the Sunflower Genome Database 
(https://sunflowergenome.org). Primer P1-R is located in within an intron and was 
designed after confirming sequence of the first intron. 
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Figure 3.4 | ZhAE1 genomic DNA sequence and amino acid sequence. ZhAEP1 genomic 

DNA contains eight introns, which were determined from canonical intron/exon junction 

recognition sites. Underlined text: exons. Grey box: unable to confirm sequence due to 

repetitive nature in intron. Bold numbers: amino acid numbering. Green text: predicted ER 

signal sequence. Grey text: ZhAEP1 N-terminal pro-domain. Blue text: ZhAEP1 ‘core domain’. 

Orange text: ZhAEP1 ‘cap domain’. Grey star: stop codon. 
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ZhAEP1 is not an efficient macrocycliser and does not prefer Asn residues 

To determine if the most highly-expressed ZhAEP1 is responsible for the 

macrocyclisation activity observed in the in situ assay, we cloned synthetic ZhAEP1 in 

a pQE30 plasmid vector and performed an in vitro assay with recombinant ZhAEP1 on 

SFTI-GLDN and SFTI(D14N)-GLDN. For the assay, nickel-affinity purified ZhAEP1 

was first auto-activated by dialysing at pH 4.0 and then dialysing to pH 6.5. Auto-

activation involves autocatalytic cleaving of a linker region between the cap and core 

domains at pH 4.0 21. SDS-PAGE analysis revealed the disassociation of the cap and 

core domains, with several bands of activated ZhAEP1 indicating multiple cleavage 

sites between the two domains (Figure 3.5), as is typical for plant AEPs 4, 15, 17, 25-27. 

AEPs from the common sunflower Helianthus annuus (HaAEP1), Clitoria ternatea 

(butelase 1) Ricinus communis (RcAEP1) were used as controls because these AEPs 

have been characterised previously 3, 15, 28. MALDI-TOF analysis of the in vitro assay 

showed that ZhAEP1 has a similar activity profile to HaAEP1 (Figure 3.6). Both 

ZhAEP1 and HaAEP1 are capable of inefficient macrocyclisation of SFTI(D14N)-

GLDN – the majority of this substrate is hydrolysed by both these enzymes. As 

expected, butelase 1 was more efficient at macrocyclising SFTI(D14N)-GLDN than all 

the other AEPs tested. ZhAEP1, HaAEP1 and butelase 1 cannot process SFTI-GLDN, 

which has an Asp target residue. RcAEP1 was the only AEP that was able to 

macrocyclise SFTI-GLDN. The activity profile of butelase 1, HaAEP1 and RcAEP1 are 

consistent with that of previous studies, allowing us to conclude with confidence that 

the in vitro assay reliably shows that ZhAEP1 is capable of inefficient macrocyclisation 

at the Asn target residue of SFTI-(D14N), but unable to hydrolyse or macrocyclise at 

the Asp target residue of SFTI-GLDN. 
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Figure 3.5 | Autoactivation of ZhAEP1. Lane M: Position of molecular weight markers in 

kDa. Lane 1: ZhAEP1 purified by nickel affinity chromatography. Lane 2: Auto-activated 

ZhAEP1 obtained from dialysis at pH 4. 
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Figure 3.6 | MALDI-TOF spectra of in vitro assay shows ZhAEP1 does not macrocyclise 
at Asp target residue. Diselenide SFTI(D14N)-GLDN (left panel) and diselenide SFTI-

GLDN (right panel) were used as substrate for the in vitro assay to determine macrocyclisation 

activity by ZhAEP1, butelase 1, HaAEP1 and RcAEP1. Yellow highlight: Mass consistent 

with diselenide peptide substrate SFTI(D14N)-GLDN (2024 Da) and SFTI-GLDN (2025 Da). 

Green highlight: Mass consistent with acyclic SFTI(D14N) (1627 Da) and acyclic SFTI (1628 

Da) products. Orange highlight: Mass consistent with cyclic SFTI(D14N) (1609 Da) and cyclic 

SFTI (1610 Da) products. Blue highlight: Mass consistent with an inert internal peptide 

standard, native cyclic SFTI-1 (1516 Da), which was added to allow rough quantitation of the 

products. 
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Discussion 

The prospect of discovering an AEP that is efficient at transpeptidation and prefers Asp 

over Asn as the target residue was exciting for several reasons: Firstly, an efficient Asp 

preferring transpeptidase could be developed into a molecular tool for use in 

applications requiring orthogonal transpeptidation reactions. Secondly, it is an 

opportunity to study the subtle differences involved at the catalytic site of AEPs that 

lead to differences in preference for two highly similar target residues (Asp and Asn); 

Thirdly, we can understand the interlink between residues that influence Asp/Asn 

residue preference and residues that influence transpeptidation efficiency.  

In situ assays using Z. haageana seed extract showed the presence of an activity 

efficient at transpeptidation. However, in vitro analysis showed that the most highly 

expressed AEP in Z. haageana could not perform efficient transpeptidation at Asp 

target residues and was predominantly a peptidase at Asn target residues. The complete 

sequences of ZhAEP2 to ZhAEP5 should be confirmed, and macrocyclisation activity 

tested as well to determine if they can perform transpeptidation at an Asp target residue. 

It is also worth testing at different pH conditions and with different peptide substrates in 

case there is a dependency on these factors, which has been observed in many previous 

studies 4, 15, 16, 29, 30. 
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Chapter 4: Perspectives and future directions 
 

4.1.	Plant	asparaginyl	endopeptidases	(AEPs)	

4.1.1	The	rise	of	plant	AEPs	

Protein engineers often seek to modify their protein of interest with substituents to 

obtain a protein product that suits their needs; this is often not achievable by standard 

genetic approaches. A plethora of protein modifications are therefore performed post-

translationally, typically through chemical modifications or enzyme-catalysed reactions 

(Gunnoo and Madder, 2016; Zhang et al., 2018). Enzyme-catalysed bioconjugation is a 

widely used method for peptide and protein labelling because it is highly selective, i.e., 

minimises heterogeneously modified products, and the reactions can be performed in 

mild conditions to maintain the structure and function of the protein of interest (e.g., 

avoiding the use of organic solvents that would de-stabilise proteins). 

Besides asparaginyl endopeptidases (AEPs), there are roughly three other main classes 

of ligases employed by protein engineers for catalysing the formation of peptide bonds, 

namely sortases, trypsiligases and subtiligases. A concise description of their pros and 

cons is provided in a review by Nuijens et al. (2019). Of the four, sortase and its 

engineered variants are the most widely used tools for bioconjugation reactions 

(Pishesha et al., 2018; Zhang et al., 2018). Sortase (i) requires a C-terminal LPXTG (X 

= any amino acid) recognition sequence, (ii) recreates the same sequence motif as an 

artefact of the bioconjugation reaction (Mazmanian et al., 1999; Ton-That et al., 2000), 

and (iii) its most efficient variant has a kcat/KM of ~167,000 M-1s-1 (Chen et al., 2016). 

AEPs, on the other hand, are poised to become the next transpeptidase of choice 

because of (i) a smaller recognition sequence (three residues, including the P1 Asn/Asp) 

(nomenclature according to Schechter and Berger (1967)),  (ii) smaller footprint after 

AEP processing (an Asn/Asp residue and typically an aliphatic P2´´ residue), (iii) 

broader tolerance for the N-terminal nucleophile, and (iv) better enzyme kinetics 

(Kcat/km = ~1,340,000 M-1s-1) (Nguyen et al., 2014; Harris et al., 2015; Yang et al., 

2017; Jackson et al., 2018). The natural macrocyclising ability of several AEPs is also 

of interest, particularly in the field of peptide drug development. A prevalent problem 

with peptide drugs is the high likelihood of being degraded by proteases in vivo before 
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reaching their target. Macrocyclisation of small peptides improves resistance to thermal, 

chemical and enzymatic breakdown, as highlighted in the review in Chapter 1. 

4.1.2	How	well	do	we	understand	the	structural	features	of	AEPs?	

Our current understanding of the structural features of AEPs was reviewed in 

Chapter 1; it was the last piece of work written for this thesis and so relied on 

knowledge generated from the subsequent chapters and from research conducted by 

other research groups. In the past five years, there have been eight studies investigating 

the structures of AEPs from a variety of plant species, namely OaAEP1 5H0I (Yang et 

al., 2017), HaAEP1 6AZT (Chapter 5)(Haywood et al., 2018), AtLegγ 5OBT and 5NIJ 

(Zauner et al., 2018b; Zauner et al., 2018a), butelase 1 6DHI (Chapter 6)(James et al., 

2019), VyPAL2 6IDV (Hemu et al., 2019), butelase 2 mutants 6LKO, 6L4W, 6L4V, 

6L4X, 6L4Y(Hemu et al., 2020), AtLeg-β 6YSA (Dall et al., 2020), and CeAEP1 6XT5 

(Chapter 2)(Nonis et al., 2020). These studies have so far allowed us to identify some 

important structural features of AEPs, which has encouraged the attributing of specific 

roles to certain residues or domains in an effort to understand how they function. 

However, the more we investigated, especially with mutational studies and the use of 

different substrates, the more we saw a complex interplay between the structural 

features of the enzyme and the effect that different substrates and conditions had on the 

catalytic activity. Through this journey of understanding how AEPs function as both a 

protease and a transpeptidase, and how one outcome is preferred over the other, we 

show in Chapter 1 how the tendency to set in stone specific roles, by naming them 

before we fully understand them, can sometimes serve to confuse the uninitiated. The 

conflicting effects that certain structural features have in different studies suggest that 

understanding the preference for one reaction over another should involve consideration 

of multiple structural aspects, including the different interactions with different 

substrates. Our review highlighted the need to be extra-cautious in attributing specific 

roles to structural features if an enzyme performs more than one reaction at the same 

active site. 

4.1.3	Improving	our	understanding	of	the	AEP-substrate	interaction	

As discussed in detail in Chapter 1, the primed region of the AEP active site (Figure 

4.1) has been hypothesised in many studies, including the study in Chapter 5, to have 

extensive interactions with the substrate primed residues, i.e., C-terminal tail of the 

substrate, chiefly to encourage transpeptidation by the shielding of the active site from 
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water. The best evidence of 

interactions at the primed region is 

from structural studies of the cystatin-

bound human AEP (Dall et al., 2015). 

In plant AEPs, mutational studies and 

the conservation of hydrophobic 

residues in both the substrate and the active site support this hypothesis (Gillon et al., 

2008; Conlan et al., 2012; Harris et al., 2015; Hemu et al., 2019). There is value in 

confirming this hypothesis, especially since there is interest in generating AEPs with 

improved transpeptidation efficiency. If there is indeed affinity between the primed 

regions of the enzyme and the substrate, it should be possible to obtain crystal structures 

of the active AEP with short di- or tri-peptides from the P1´-P3´ region of a suitable 

substrate. Despite the reduced stability, the active AEP enzyme, i.e., consisting of only 

the core domain, was successfully crystallised for structural elucidation, as 

demonstrated in Chapter 5. Therefore, it might be possible to either soak crystals of an 

active AEP in suitable di-/tri-peptides or co-crystallise them. It is likely that interactions 

at the primed region are indeed crucial for blocking access to water. If so, a better 

understanding of the interactions could facilitate efforts to bioengineer AEPs or 

substrates that are more adept at blocking access to water molecules at the active site, 

improving transpeptidation efficiency. 

To build on the work in Chapter 2, the structural basis for circular permutation of conA 

by jack bean AEP1 (CeAEP1) could be investigated by attempting to co-crystallise pro-

conA with the core domain of CeAEP1. The binding of substrates to the AEP active site 

is postulated to involve residues both N-terminal and C-terminal of the substrate P1 

residue, i.e., non-primed and primed residues, respectively. It would be ideal to co-

crystallise pro-conA with a catalytically-inactive mutant of CeAEP1 (CeAEP1Mut). 

The use of a catalytically inactive mutant is a common approach in crystallography for 

the structural determination of substrate-bound enzymes. The crystallisation of 

substrate-bound enzymes is difficult as the substrate dissociates upon being processed 

Figure 4.1 | Residues in primed region 
of AEP active site. Primed residues are 
shown as cyan sticks and labelled. 
Catalytic residues shown as black sticks 
and shaded in red. Adapted from 
Chapter 1. 
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by the enzyme. CeAEP1Mut should contain a Cys-to-Ser or Cys-to-Ala mutation of the 

catalytic cysteine. CeAEP1Mut could be generated with a His-tag at the C-terminus 

(which is on the cap domain). This way, the core domain of CeAEP1Mut could be 

obtained by incubating it with WT CeAEP1 that has a His-tag at the N-terminus (which 

is on the core domain). Nickel-affinity purification could then be performed so that the 

WT CeAEP1 core domain will remain on the nickel column and the CeAEP1Mut core 

domain will flow through (as its cap domain with the His-tag has been cleaved off), 

giving the purified core domain of catalytically inactive CeAEP1. As the 

transpeptidation site of pro-conA is more interesting than the cleavage site. It would be 

ideal to mutate the residues at the pro-conA cleavage site so that it is not recognised by 

CeAEP1Mut and, therefore, will be less likely to co-crystallise with the cleavage site 

bound to the AEP active site. It should be noted that preliminary in silico analysis 

looking at the electrostatic surface of conA and the substrate-binding pocket of CeAEP1 

showed no apparent complementarity in surface charges between the two molecules at 

the processing sites. So the likelihood of co-crystallising pro-conA with CeAEP1Mut 

might be low. While a more straightforward approach using just the pro-conA 

unstructured peptide loop involved in transpeptidation might be a more feasible option 

for co-crystallisation, an initial attempt with the entire pro-conA protein should be 

performed. 

4.1.4	Turning	AEPs	into	useful	biological	tools	

AEPs may be a promising biological tool, but it has not yet become a staple 

ligase/transpeptidase in the protein biologist’s toolbox. One of the initial downsides of 

butelase 1 was the lack of a recombinant source of the enzyme, which meant that the 

enzyme could only be obtained through biochemical purification from the seeds of 

Clitoria ternatea (Nguyen et al., 2016). As demonstrated in Chapter 6, this has been 

resolved using the SHuffle T7 E. coli variant (NEB), which is engineered to promote 

disulfide bond formation in the cytoplasm, for butelase 1 expression. 

A disadvantage that remains is that AEPs are expressed in the inactive precursor form. 

The inactive enzyme consists of the ‘core’ domain, which has the active site, and a ‘cap’ 

domain, which occludes the active site, facilitates dimer formation, and improves core 

domain stability, particularly at neutral pH (Zauner et al., 2018b). A pH-induced 

autocatalytic activation is required for AEPs to carry out transpeptidation. The 

autoactivation and subsequent purification steps lead to low yields of protein. While 

OaAEP1 has been expressed without the cap domain (Tang et al., 2020), personal 
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correspondence has revealed that low yields, comparable to expressing the inactive form 

and performing pH-induced activation, were obtained. An inability to reliably express 

stable AEP in the active form also precludes compatibility with in vivo conjugation 

systems, whereby AEP is co-expressed with and conjugated to target proteins directly in 

live cells. Such a system would eliminate the purification steps required for both AEP 

and target protein, thereby streamlining the process and avoiding loss of yield due to 

multiple purification procedures. Finally, due to the multiple auto-catalytic cleavage 

sites present in AEPS, auto-activation results in the generation of core domains of 

several sizes; this is often clearly observable on SDS-PAGE gels of the purified AEP 

core domains, where activated AEP shows up as multiple bands on the gel. It is often 

not determined if they are all capable of enzymatic activity; if this leads to varying 

efficiencies, it will make it difficult to determine and compare the enzyme kinetics of 

AEPs accurately. 

To circumvent the requirement for autocatalysis, we could engineer a stable core 

domain. In AtLegγ, it was observed that the cap and core interface is dominated by 

hydrophobic interactions (Zauner et al., 2018b). The cap domain enables 

spatial/temporal control of AEP activity in vivo, which is not required for in vitro 

reactions; residues that encourage hydrophobic interactions with the cap domain can 

therefore be replaced. In butelase 1, there are 12 hydrophobic residues (Y57, V58, 

A168, V170, P177, Y178, A180, W236, V237, P241, L242, V253) on the core domain 

that are within 5 Å of residues of the cap domain and so could potentially be modified 

to minimise reliance on hydrophobic interactions with the cap domain for stability. 

Feasibility is, of course, dependent on retaining catalytic activity, which also depends 

on the substrate of interest. If improved stability is sought, even at the expense of some 

activity loss, another interesting direction would be to incorporate a pseudo cap in place 

of the native cap domain. In human AEP, a cystatin molecule was shown to stabilise the 

AEP core domain while maintaining ~70% of the enzyme activity (Dall et al., 2015). 

Enzyme activity in the presence of an inhibitor was explained by the continuous 

dissociation of the AEP from the cystatin. It is plausible then that a cystatin-like domain 

could be introduced C-terminal to the AEP core domain to improve the stability of plant 

AEPs. 

4.1.5	Exploring	the	non-natural	amino	acid	landscape	

The introduction of non-natural (i.e. non-proteinogenic or non-canonical) amino acids 

into the protein of interest is one of the methods employed to prime a protein for 
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conjugation (Wang and Schultz, 2001; Kim et al., 2013). The unique functional groups 

on non-natural amino acids allow for higher diversity and specificity in the subsequent 

conjugation reactions (Hendrickson et al., 2004; Liu and Schultz, 2010; Neumann, 

2012; Lang and Chin, 2014). However, expressing proteins with non-natural amino 

acids is not a trivial technique; besides the complexity involved in using orthogonal 

tRNAs/aminoacyl tRNA synthetase pairs, the expression yields tend to be low (Kim et 

al., 2013). If the aim is to attach non-natural amino acids to a terminus of a protein of 

interest, it is tempting to consider engineering an efficient enzyme that can simplify this 

process by performing this labelling step post-translationally. AEPs, which are efficient 

transpeptidases, are candidates for directed evolution attempts to create such an enzyme. 

General directed evolution strategies for bond-forming enzymes (Chen et al., 2011) 

could be adopted for this purpose. A common drawback of transpeptidases such as 

sortase and AEPs in protein/peptide labelling is the reversibility of the reaction, 

whereby the cleaved by-product can act as a substrate as well. Re-incorporation of by-

products leads to reduced reaction yield. A possible advantage of developing an AEP 

that incorporates non-canonical amino acids is that the by-product of transpeptidation, 

which would be made up of natural amino acids, would not be recognised by the 

engineered AEP and so will not be re-incorporated. This was observed in a variant of 

sortase A which accepts non-canonical nucleophile substrates (Ito et al., 2010; Baer et 

al., 2014).  Although it is possible to chemically synthesise short peptides containing 

both natural and non-natural amino acids so that we can conjugate it to a protein of 

interest via the natural analogue, the direct attachment of the non-natural analogue 

would allow for further minimisation of unnecessary load to the protein of interest. 

4.2 Circular permutation of concanavalin A (conA) 

4.2.1	An	unexpected	finding	in	(conA)	maturation	

In Chapter 2, we uncover a consequence of concanavalin A (conA) circular 

permutation. As lectins go, conA is one of the most widely studied for several reasons: 

it was one of the first fifteen protein structures to be solved and also the first lectin to 

have its structure solved (Edelman et al., 1972; Becker et al., 1975; Reeke et al., 1975); 

its maturation process is one of the earliest observed examples of protein splicing in 

nature (Carrington et al., 1985; Hendrix, 1991); conA and conA-like lectins from the 

Diocleinae subtribe remain the only proteins known to undergo circular permutation 

(Cavada et al., 2018); and, because of its carbohydrate-binding property, it is widely 
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used in purifying glycosylated biomolecules (Saleemuddin and Husain, 1991). Despite 

this, conA in vivo function is still not known with absolute certainty, and it is only now, 

36 years since the discovery of circular permutation in conA, that we uncover a 

consequence of this unique example of post-translational modification. 

The initial assumption that conA circular permutation has no consequence, one that 

persisted for more than three decades, was based on postulates that pro-concanavalin A 

(pro-conA) does not undergo any changes in tertiary protein structure upon maturation. 

Furthermore, explorative modification by artificial circular permutation typically 

produces proteins that are either less or equally stable as the unpermuted parent protein 

(Heinemann and Hahn, 1995); there is only one recorded instance of a slightly more 

stable protein successfully produced (Topell et al., 1999). The discovery that circular 

permutation of conA results in increased thermal- and pH-stability, which can be 

explained by changes in the quaternary structure, was therefore somewhat unexpected. 

This opens up an avenue for scientists to explore the purpose of the only known natural 

circular permutation in nature. This was not studied before as it was assumed there 

would be no structural differences, and therefore no functional consequence in circular 

permutation, between pro-conA and conA. 

4.2.2	How	circular	permutation	influences	conA	quaternary	structure	

The study in Chapter 2 makes structural comparisons between pro-conA and the 

circularly permuted conA. However, it is not known if circular permutation is the 

desired biosynthetic route in jack bean. Besides undergoing transpeptidation between 

the N- and C- termini to result in circular permutation, pro-conA also undergoes AEP-

mediated hydrolysis at the C-terminus to produce the two-chain form of conA. The two-

chain form does not appear to be degraded in jack bean seeds, as nearly half of conA in 

jack bean seeds exist in the two-chain form (Faye and Chrispeels, 1987). In contrast, in 

the seeds of the common sunflower, Helianthus annuus, AEP-mediated transpeptidation 

produces a macrocyclic peptide, whereas AEP-mediated hydrolysis yields a small linear 

peptide that is degraded (Bernath-Levin et al., 2015). Therefore, it is not unreasonable 

to consider that (i) the production of both the two-chain and full-length form of conA, 

and (ii) the apparent absence of degradation of the two-chain form might be the result of 

as yet unknown selection pressures. This possibility warrants an investigation into the 

hydrolysed form of conA as well. 
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Our structural analysis of pro-conA 

tells us that its termini are the likely 

reason for the formation of an atypical 

dimer-of-dimers complex, with the C-

terminus especially interfering with 

intermolecular contacts between 

dimers (Figure 4.2). A natural 

extension from this reasoning would 

be that pro-conA hydrolysed at the C-

terminus might also form a typical 

dimer-of-dimers complex as observed 

in conA, prompting an investigation 

into the hydrolysed two-chain form. 

This would not be entirely 

unprecedented – another plant protein, 

glycinin, is converted from a trimer to 

a hexamer via repositioning of a 

peptide chain, which is mediated by a 

single AEP-mediated cleavage 

(Adachi et al., 2003). However, conA 

dimers consisting of a mixture of the 

two-chain subunit and the full-length 

mature subunit are less competent at 

forming tetramers than conA 

consisting only of full-length subunits 

(Senear and Teller, 1981), indicating 

that the typical dimer-of-dimers 

formation is unlikely to be achieved 

by mere removal of the C-terminus. 

To determine conclusively if the 

presence of the termini interferes with 

the formation of the dimer-of-dimers assembly, structural and biochemical analyses of 

the two-chain form of conA should be performed. An AEP that is efficient at hydrolysis 

could be used to generate the two-chain form. To further minimise the possibility of 

transpeptidation and to ensure that the N-terminal residues do not interfere with 

Figure 4.2 | Termini of pro-conA likely 
interferes with typical dimer-of-dimers 
formation. (A) Typical dimer-of-dimers 
assembly in conA. (B) Atypical dimer-of-dimers 
assembly in pro-conA likely due to presence of 
unprocessed termini. In conA, the termini are 
transpeptidated and therefore present as a 
shortened loop that does not interfere with the 
typical dimer-of-dimers assembly. 
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complex formation, a mutant form of pro-conA lacking the first three to four N-terminal 

residues could be generated. 

4.2.3	Investigating	the	link	between	conA	oligomeric	state	and	stability	

In chapter 2, we proposed that the difference in thermal- and pH-stability observed 

between pro-conA and conA can be explained by the different quaternary complex 

(dimer-of-dimers assembly, i.e., tetramer) and the different prevalence for tetramer 

formation. A disparity in the conditions used for analytical ultracentrifugation (AUC) 

analysis versus the circular dichroism (CD) spectroscopy analyses meant we could not 

be certain of a direct link between the stability and the oligomeric state of both pro-

conA and conA in solution. Specifically, AUC analysis was performed in buffers with 

0.5 M sodium chloride, whereas CD spectroscopy analysis was performed by diluting 

the sample into water immediately before the analysis, thereby reducing the sodium 

chloride concentration to just 0.01 M. ConA is known to be stable at high salt 

concentrations. However, sodium chloride interferes with CD measurements as chloride 

ions absorb strongly in the far-UV range. Attempts were made to perform AUC analysis 

at 0.01 M sodium chloride, but the proteins were not stable enough at this low-salt 

condition for the duration of the AUC experiment. 

To investigate the link between oligomeric state and stability of pro-conA/conA, both 

AUC and CD analysis could be performed in the presence of sodium fluoride instead. 

Sodium fluoride is a good alternative to sodium chloride for CD spectroscopy analysis. 

Alternatively, to circumvent the issue of buffer conditions hindering CD analysis, a 

different technique not reliant on spectroscopic absorbance could be used to analyse 

protein stability. Differential scanning calorimetry (DSC), a thermoanalytical technique, 

is a viable option as DSC studies have been performed on conA (Zahnley, 1981; 

Banerjee and Kishore, 2004); this also allows for convenient comparison with previous 

studies. Additionally, more useful thermodynamic properties could be obtained using 

this analysis. However, data obtained from CD analysis of pro-conA/conA is not 

inferior to DSC analysis per se. Our CD analysis showed that pro-conA and conA have 

different pathways of unfolding and/or aggregation in the conditions tested, with pro-

conA appearing to have more β-sheet formation upon heat-induced unfolding. 

4.2.4	Exploring	the	functional	consequences	of	conA	circular	permutation	

Our structural analysis of the structural features involved in conA activity showed that 

they are largely unchanged upon circular permutation. Our experimental analysis on 
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carbohydrate-binding, using isothermal titration calorimetry (ITC), agrees with the 

conclusions drawn from structural data. However, ITC analysis was performed only on 

the monosaccharide methyl-α-D-mannose. To ascertain more confidently whether 

carbohydrate-binding affinity is altered by circular permutation, more thermodynamic 

assays should be performed on glucose monomers and on mannose and glucose 

oligosaccharides. It should be noted that conclusions from these additional tests can 

only inform us of possible changes to pro-conA/conA function in vitro, as we still do 

not have concrete proof of conA biological function in plants. 

As the conA lectin has been proposed by many to contribute to immune defence in 

plants (Peumans and Van Damme, 1995; Lagarda-Diaz et al., 2017), the next important 

question to ask is whether circular permutation alters conA resistance to enzymatic 

digest. Enzyme assays with half-life measurements could be performed to determine if 

changes in conA termini due to circular permutation result in lower susceptibility to 

exoproteases. Additionally, enzyme assays with endoproteases at various pH conditions 

could potentially provide insights into how the oligomeric state of pro-conA and conA 

can influence resistance to enzyme-mediated breakdown. Digests could also be 

performed using simulated gastric or intestinal fluids. However, the jack bean plant, 

Canavalia ensiformis, is immune to pests and is not a preferred food source for grazing 

animals (USDA Plant Guide, plant symbol = CAEN4). It would therefore not be 

possible to narrow test conditions down to specific enzymatic digest conditions e.g. 

proteolytic enzyme preparations from midgut extracts from specific insects. Lastly, the 

functional consequences of conA circular permutation could be further investigated by 

determining if conA has increased insecticidal activity as compared to pro-conA. 

4.2.5	Why	is	conA	circularly	permutated?	

We may have demonstrated a functional consequence of conA circular permutation and 

may have correctly postulated that the quaternary structure of conA influences stability. 

However, we can only speculate that the increased heat and pH stability might allow 

conA to function as a better plant defence mechanism. ConA can conceivably maintain 

its function in a wider range of conditions in soil, should they diffuse out of seedlings to 

contribute to protection against pathogens as suggested by Peumans and Van Damme 

(1995); or act as a better deterrent against animals by surviving longer in the gut of 

animals and interfering with important physiological processes (Lagarda-Diaz et al., 

2017). We do not know if the improved stability from circular permutation is a property 

that is harnessed in jack bean seeds. Until we determine the biological role of conA in 
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jack bean seeds, we cannot say with certainty if conA is processed by AEP due to 

evolutionary pressures or mere coincidental co-localisation. 
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Chapter 5: Structural basis of a ribosomal peptide 

macrocyclisation in plants 
 

Preface 

The structural analysis of the sunflower AEP discussed in this chapter is a logical 

progression from a previous study by our lab on the peptide backbone circularisation i.e. 

macrocyclisation of Sunflower Trypsin Inhibitor-1 (SFTI-1) (1). In the previous study, 

AEP-mediated macrocyclisation of SFTI-1 was reconstituted in vitro and was shown to 

occur via a cleavage-coupled transpeptidation reaction. To better understand the 

mechanism behind macrocyclisation, we sought to uncover the structural features of the 

responsible enzyme in this study. Obtaining the crystal structure for sunflower AEP was 

possible especially because Bernath-Levin et al. had also successfully produced 

recombinant plant AEP in E.coli for the first time using NEB Shuffle, an E. coli strain 

engineered to promote disulfide bond formation in the protein of interest. By solving the 

first structure of a substrate-bound AEP to a resolution of 1.8 Å in this study, we were 

able to propose the mechanism for peptide macrocyclisation. This aspect of our study 

couples well with the findings of Zauner and colleagues (2), who published their work 

on the structure of a substrate-bound Arabidopsis thaliana AEP soon after this 

publication. Here, we see how the structural features of the sunflower AEP active site 

encourage macrocyclisation. Mutational studies also allowed us to develop an 

understanding for why certain AEPs prefer transpeptidation over hydrolysis. The 

knowledge gained from this study would be of particular interest to the pharmaceutical 

industry. As macrocyclic peptides are stable and potentially customisable, 

understanding the macrocyclisation is crucial for developing stable versions of peptide 

drugs. Finally, by exploring AEP activity at different pH conditions, we also begin to 

appreciate how the local environment can affect AEP preference and efficiency for 

cleavage and transpeptidation reactions. 
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Abstract Constrained, cyclic peptides encoded by plant genes represent a new generation of
drug leads. Evolution has repeatedly recruited the Cys-protease asparaginyl endopeptidase (AEP)
to perform their head-to-tail ligation. These macrocyclization reactions use the substrates amino
terminus instead of water to deacylate, so a peptide bond is formed. How solvent-exposed plant
AEPs macrocyclize is poorly understood. Here we present the crystal structure of an active plant
AEP from the common sunflower, Helianthus annuus. The active site contained electron density for
a tetrahedral intermediate with partial occupancy that predicted a binding mode for peptide
macrocyclization. By substituting catalytic residues we could alter the ratio of cyclic to acyclic
products. Moreover, we showed AEPs from other species lacking cyclic peptides can perform
macrocyclization under favorable pH conditions. This structural characterization of AEP presents a
logical framework for engineering superior enzymes that generate macrocyclic peptide drug leads.
DOI: https://doi.org/10.7554/eLife.32955.001

Introduction
Asparaginyl endopeptidases (AEPs) are a group of asparagine/aspartic acid (Asx) specific proteases
that have been classified as belonging to the C13 family of cysteine proteases based on the pres-
ence of a His-Gly-spacer-Ala-Cys motif (Hara-Nishimura et al., 1993; Chen et al., 1997;
Mathieu et al., 2002; Shafee et al., 2015). First described in plants as vacuolar processing enzymes
based on their propensity for processing seed proteins stored in vacuoles, AEPs have since been
described in a variety of organisms and shown to be involved in a wide range of processes including,
cell death antigen processing and hemoglobin degradation (Hara-Nishimura et al., 1993;
Manoury et al., 1998; Hatsugai et al., 2004; Kuroyanagi et al., 2005; Yamada et al., 2005;
Sojka et al., 2007). In addition to the proteolytic function observed in these processes, AEP has
become well known for its curious ligation reactions (Min and Jones, 1994; Sheldon et al., 1996;
Mylne et al., 2012; Nguyen et al., 2014; Zhao et al., 2014; Dall et al., 2015).

The ability of endoproteases to perform ligation reactions was first observed by Bergmann and
Fruton in 1938 with chymotrypsin (Bergmann and Fruton, 1938). Later, in vitro ligation reactions
were performed with AEP from jack bean (Canavalia ensiformis) seeds (Bowles et al., 1986;
Min and Jones, 1994). The recent discovery that evolutionarily distinct plant families have repeat-
edly recruited AEPs to catalyze the formation of ribosomally synthesized and post-translationally
modified peptides (RiPPs), through the macrocyclization of linear precursor sequences, has caught
the attention of drug designers keen to overcome the current inefficiencies in native chemical liga-
tion that limit the therapeutic use of cyclic peptides (Pattabiraman and Bode, 2011; Mylne et al.,
2012; Arnison et al., 2013). Such therapeutic cyclic peptides are viewed by many to have the poten-
tial to capitalize on a niche in the current pharmaceutical market by virtue of their intermediate size
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between small molecule drugs and large protein structures, and their unique capacity to combine

favorable bioavailability and stability characteristics with high target specificity facilitated by toler-

ance to site-directed mutagenesis (Clark et al., 2005, 2010; Gould et al., 2011; Ji et al., 2013;

Poth et al., 2013; Truman, 2016). Moreover, as computational techniques for the discovery of RiPPs

improve and the number of cyclic peptides described continues to expand, an ever-wider array of

scaffolds might be exploited to tailor molecules to specific drug targets (Bhardwaj et al., 2016; Tru-

man, 2016; Hetrick and van der Donk, 2017) (Figure 1).
Sunflower trypsin inhibitor-1 (SFTI-1) is a 14-residue, bicyclic peptide with a cyclic backbone and

an internal disulfide bond (Luckett et al., 1999). Its biosynthesis is rather unusual as its sequence is

buried within a precursor that also encodes seed storage albumin. Seed storage albumins are a

major class of seed storage protein that constitute over 50% of total seed protein and become a

source of nitrogen and sulfur during seed germination (Youle and Huang, 1978; Shewry and Half-

ord, 2002). The common sunflower (Helianthus annuus) has many genes encoding precursors for

these napin-type or 2S seed storage albumins that are synthesized in the rough endoplasmic reticu-

lum before undergoing cleavage maturation by AEP and localizing to storage vacuoles (Bollini and

Chrispeels, 1979; Franke et al., 2016; Jayasena et al., 2016). Along with an adjacent albumin,

SFTI-1 is post-translationally processed by AEP from within a unique seed storage albumin precursor

called Preproalbumin with SFTI-1 (PawS1) (Mylne et al., 2011). SFTI-1 is a potent inhibitor of serine

proteases, and its intrinsic stability and cellular penetration capabilities have led to its application as

a bioactive scaffold (White and Craik, 2016; Swedberg et al., 2017).
AEP-catalyzed macrocyclization of SFTI-1 is hypothesized to proceed via a cleavage-coupled

intramolecular transpeptidation reaction whereby catalysis begins with the deprotonation of the

active site Cys by a localized His of the catalytic center, facilitating the nucleophilic attack on the car-

bonyl carbon of the Asp by the activated Cys thiol of AEP (Bernath-Levin et al., 2015). This attack

culminates in the formation of a thioacyl intermediate between the substrate and AEP, and the

removal of the C-terminus. The reaction is proposed to be subsequently concluded by the nucleo-

philic attack of this intermediate by a Gly at the N-terminus of the substrate, resulting in the

eLife digest Most proteins are long, chain-like molecules that have two ends respectively called
the N-terminus and C-terminus. However, certain proteins can close on themselves to become
circular. This requires a chemical reaction between the N- and C-termini, which creates a strong
bond between the two extremities.

To go through this ‘cyclization’ process, a straight protein attaches to a certain type of protease,
a class of enzyme that usually cuts proteins into smaller pieces. In plants that are distantly related,
the same group of enzymes – called AEPs – has been selected to perform cyclization. Here,
Haywood et al. study an AEP enzyme from sunflowers: they identify what about this enzyme’s
structure is important to drive the complex chemical reaction that results in the protein being
cyclized rather than simply cut.

Using a technique called X-ray crystallography to see the positions of individual atoms in the
enzyme, Haywood et al. caught a snapshot of the enzyme. Its structure explained how the enzyme’s
shape can guide cyclization. In particular, the part of the enzyme that binds to the proteins, the
active site, was relatively flat and open, but also flexible: this helped the N and C-termini react with
each other and close the protein. Further experiments artificially mutated specific areas of the
enzyme, which helped determine exactly which elements guide this succession of chemical reactions.

The activity of AEPs is influenced by their local environment, such as acidity. In fact, Haywood
et al. showed that certain AEPs, which do not normally carry out cyclization, can start performing
this role when exposed to a different level of acidity.

The pharmaceutical industry is increasingly interested in circular proteins, as these are stable,
easily used by the body, and can be genetically customized to act only on specific targets. If the
cyclization process is better understood, and then harnessed, new drug compounds could be
produced.

DOI: https://doi.org/10.7554/eLife.32955.002
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macrocyclization of SFTI-1 in a head-to-tail manner (Mylne et al., 2011; Bernath-Levin et al., 2015).

Notably, this reaction proceeds in competition with nucleophilic attack upon the thioacyl intermedi-

ate by any nearby water molecules which would produce hydrolyzed, acyclic-SFTI. In vitro studies

revealed the ratio of acyclic to cyclic SFTI-1 to be in the order of 5.8:1, with the less stable acyclic

products hypothesized to be quickly degraded in vivo (Bernath-Levin et al., 2015). Evidence for

AEP-mediated and hydrolysis-independent transpeptidation was demonstrated through the exclu-

sion of a heavy atom O18 in the cyclic SFTI-1 product from an in vitro jack bean AEP (CeAEP1) cata-

lyzed reaction (Bernath-Levin et al., 2015). The formation of a much larger cyclic peptide by an AEP

from Oldenlandia affinis (OaAEP1) was also shown to lack O18 incorporation, suggesting a conserved

mechanism of macrocyclization despite differences in substrate sequences (Harris et al., 2015).

However, the suggestion that an AEP from butterfly pea (Clitoria ternatea) termed butelase one

functions only as a ligase (Nguyen et al., 2014), combined with the proposal of a succinimide-

driven, cleavage-independent ligation event based on the crystal structure of human AEP (hAEP)

and its ability to ligate substrate in the absence of the catalytic Cys, has cast uncertainty on the

mechanism of AEP-catalyzed macrocyclization (Dall et al., 2015).
In order to elucidate a structural explanation why plant AEPs have been recruited by distinct plant

lineages to perform macrocyclization and to understand the catalytic and structural nuances that

might allow preferences towards cleavage or ligation reactions, we sought the crystal structure of a

sunflower AEP.

Figure 1. Examples of enzyme catalyzed formation of cyclic RiPPs. Cyclic RiPPs that are enzyme catalyzed from

linear peptide precursors are commonly flanked by an N-terminus leader sequence and a C-terminus follower

sequence prior to cyclization. These flanking sequences commonly aid in substrate recognition and catalysis. Well

characterized examples of enzymes that are able to perform macrocyclization currently include cysteine proteases

(Helianthus annuus AEP – HaAEP, and Oldenlandia affinis AEP – OaAEP; following removal of the leader peptide

by an as yet undefined enzyme), serine proteases (patellamide A/G – PatA/G, and peptide cyclase 1 – PCY1;

following removal of the leader peptide by oligopeptidase 1 – OLP1) and the ATP dependent ATP-grasp ligases

(microviridin C and B – MdnC/B, and microcin J25 C - McjC; following removal of the leader peptide by microcin

J25 B – McjB). These examples also illustrate a range of cyclic scaffolds that may have potential therapeutic

applications.

DOI: https://doi.org/10.7554/eLife.32955.003
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Herein, we describe the first structure of an active plant AEP; one capable of performing peptide
macrocyclization. This AEP, the most abundant AEP of five AEPs in the common sunflower (HaAEP1),
displays structural similarity to previously published active AEPs from mammals, with subtle differen-
ces at residues involved in substrate recognition. Our characterization by site-directed mutagenesis
of HaAEP1 residues integral to macrocyclization will facilitate the bioengineering of plant AEPs for
improved macrocyclization efficiency, diversifying the scaffolds usable as cyclic therapeutic leads.

Results

Catalytic domain of HaAEP1 purified at pH 4
AEPs are synthesized as inactive precursors that have been shown to undergo irreversible auto-acti-
vation into their mature form on exposure to a low pH environment that resembles the acidic pH in
the vesicles/vacuole where these proteins are active in vivo (Dall and Brandstetter, 2013;
Shafee et al., 2015). In order to obtain an active form of a plant AEP, a ~51 kDa pro-HaAEP1 (resi-
dues 28–491) lacking an endoplasmic reticulum signal sequence and including a N-terminal His-tag
was expressed in Escherichia coli and purified by nickel affinity chromatography before being acti-
vated at pH 4.0 overnight. The activated form of HaAEP1 was then further purified by size exclusion
chromatography, enabling separation of the core domain from the ‘cap’ domain (Zhao et al., 2014),
and crystal trials were undertaken (Figure 2—figure supplement 1). SDS-PAGE analysis of the ~38
kDa core domain peak revealed the disassociation of the core domain from the cap domain but also
showed several bands of HaAEP1, suggesting the presence of several cleavage sites at the termini
of the core domain, as seen previously for several AEPs (Hara-Nishimura et al., 1998;
Nguyen et al., 2014; Zhao et al., 2014; Harris et al., 2015). Indeed sequence comparison reveals
the conservation of several of these predicted cleavage sites but notably lacks a previously described
C-terminal di-Asp motif (Hiraiwa et al., 1999) (Figure 2—figure supplement 2). This led us to
hypothesize that Asp52, Asn57, Asn338, Asp356, and Asp358 might represent the dominant auto-
catalytic cleavage sites in HaAEP1.

HaAEP1 structure reveals subtle differences to dictate substrate
specificity
Crystallization trials of the ~38 kDa activated HaAEP1 yielded diffraction quality crystals that dif-
fracted to a resolution of 1.8 Å (Table 1). The crystal structure was solved by molecular replacement
yielding a single monomer in the asymmetric unit, and revealed an active monomeric HaAEP1 (resi-
dues 58–338 with weak electron density for Asn338) that forms a canonical C13 caspase structure,
with a central six-stranded b-sheet region confined by five a-helices (Hara-Nishimura et al., 1993;
Yamada et al., 2005) (Figure 2A, Figure 2—figure supplement 3). The structure of HaAEP1 lacks
the C-terminal cap domain and N-terminal His-Tag, displaying dimensions of approximately 44 Å x
42 Å x 39 Å. Sequence analysis of this core domain suggests that the aforementioned pro-domains
are likely to have been auto-catalytically processed during maturation as the previously predicted
Asn cleavage sites precede and follow the defined active structure.

HaAEP1 displays structural similarity to hAEP and a recently published structure of inactive
OaAEP1 (PDB ID: 4N6O and 5H0I) with an r.m.s.d. value of 1.0 and 0.7 Å over 262 and 267 carbon
alpha residues, respectively (Holm and Rosenström, 2010; Yang et al., 2017) (Figure 2B). Due to
such topological conservation it is expected that subtle differences around the substrate binding
pocket will define substrate specificity and catalytic efficiency. Indeed, comparison of these three
structures reveals HaAEP1 exhibits a unique flexible extension, reflected by weak electron density, in
the a5-b6 loop and differences between the residues that are local to the catalytic His and Cys and
those that delineate the S3-S5 pockets (following the protease nomenclature defined by Schechter
and Berger where the cleavage site residue is termed P1 and residues prior to and following the
cleavage site are labeled P5-P2 and P10-P20, respectively, and where the corresponding binding sites
on the protease are described as S5-S20) (Schechter and Berger, 1967). Specifically, differences in
the substrate pocket include residues YGT 249–251 in HaAEP1 (hAEP: YAC 217–219, OaAEP1: WCY
246–248), a bulky Trp232 in hAEP versus Leu271 in HaAEP1 and Leu268 in OaAEP1, and the pres-
ence of an additional proline prior to the bIV-bV polyproline loop which orients E257 away from the
S4 region in HaAEP1 (Figure 2B). In OaAEP1, the C247 residue at the entrance to the S4 pocket
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was recently proposed to function as a ‘gate keeper for ligation’ with large bulky side chains inhibit-

ing ligation (Yang et al., 2017). Differences local to the active site include residues P181, Q245,

N247 in the bI sheet and b5-bIV loop (OaAEP1: A178, T242, S244, hAEP: T151, R213, S215) and

G185, E189, H191 in the bII-bIII region (OaAEP1: G182, K186, Y188, hAEP: V155, N158, D160)

(Figure 2B).
A 6-residue insertion in the a5-b6 loop results in the disruption of a potential N-linked glycosyla-

tion site that was hypothesized to affect substrate binding upstream to P5 in hAEP (Dall and Brand-

stetter, 2016). Interestingly, none of the four conserved potential N-linked glycosylation sites in

hAEP and mouse AEP (mAEP) are found in HaAEP1 (Figure 2—figure supplement 2). Given that

these glycosylation sites have been predicted to protect AEP from non-specific protease activation it

is intriguing to find that the only two potential N-linked glycosylation sites in HaAEP1 (N138 and

N143) are located on the opposite side of the protein to the activation peptide in mammalian AEPs,

Table 1. Crystallography data collection and refinement statistics.
Numbers in parenthesis refer to the highest resolution bin.

Data collection

Space group P31 2 1

Unit cell dimensions

a, b, c (Å) 77.03, 77.03, 108.17

a, b, g (˚) 90.00, 90.00, 120.00

Wavelength 0.9537

Resolution (Å) 1.8

Rmerge (%) 6.0 (43.3)

I/sI 14.7 (2.2)

Completeness (%) 93.8 (65.1)

Redundancy 4.1 (1.8)

CC 1/2 0.997 (0.727)

Refinement

Resolution (Å) 66.71–1.80

No. reflections 31205

Rwork/Rfree 15.15/18.88

No. Atoms 2415

Protein 2168

Water 229

Ligand 18

Wilson B (Å2) 15.7

Average refined B-factor (Å2)

Protein only (Å2) 22.2

Water (Å2) 35.0

Ligand (Å2) 41.1

r.m.s. deviations:

Bond lengths (Å) 0.018

Bond angles (˚) 1.84

Ramachandran analysis

Favored (%) 98.84

Allowed (%) 1.16

Outliers (%) 0

DOI: https://doi.org/10.7554/eLife.32955.008
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Figure 2. Architecture of HaAEP1 versus other AEP structures. (A) Cartoon representation of the overall topology of HaAEP1 with major a-helices and

b-sheets annotated. Residues 304–309 that exhibited weak electron density and are missing from the model are shown as red dotted loop. (B)
Comparison of HaAEP1 core domain (green) with OaAEP1 (magenta) and hAEP (gray) with bound chloromethylketone inhibitor (black) illustrating high

overall structural similarity. Expanded surface and cartoon representations of highlighted regions of bIV-bV substrate binding region (blue backgrounds)

Figure 2 continued on next page
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at the beginning and center of the a2 helix, respectively (Dall and Brandstetter, 2016). Moreover,

only N138 is prominently surface exposed, suggesting that N-linked glycosylation in HaAEP1 is not

utilized for mitigation against non-specific premature activation.

HaAEP1 displays a tetrahedral intermediate in the active site
The 1.8 Å resolution of our HaAEP1 structure allowed us to observe a succinimide moiety (Snn)

below the catalytic His in a location identical to human AEP (Figure 3A) that was hypothesized to

play a role in peptide ligation (Dall et al., 2015). We distinguished dual conformations of the

Figure 2 continued

and catalytic region (bI sheet, b5-bIV loop and bI-bIII region) orientated over the catalytic His residue (yellow backgrounds) are shown below illustrating

the residue differences that could alter substrate specificity (shown in stick format). Also see Figure 2—figure supplements 1–3.

DOI: https://doi.org/10.7554/eLife.32955.004

The following figure supplements are available for figure 2:

Figure supplement 1. HaAEP1 auto-catalytically activates upon pH shift to pH 4.

DOI: https://doi.org/10.7554/eLife.32955.005

Figure supplement 2. Sequence alignment of C13 family of cysteine proteases.

DOI: https://doi.org/10.7554/eLife.32955.006

Figure supplement 3. Topology diagram of active HaAEP1.

DOI: https://doi.org/10.7554/eLife.32955.007
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Figure 3. Outstanding features of the HaAEP1 active site. (A) Catalytic residues with dual conformations illustrated

in the HaAEP1 active site with simulated annealing omit electron density maps (2 Fobs - Fcalc) contoured at 1s

level. (B) Cross-eyed stereo view of polder OMIT map (Fobs - Fcalc) calculated in the absence of the shown overlaid

AAN tetrahedral intermediate, contoured at 3s level. (C) Schematic representation of interactions between AAN

tetrahedral intermediate (purple sticks) and labeled active site residues generated using LigPlot+ (Laskowski and

Swindells, 2011). Residues forming hydrogen bonds (green) are illustrated with black sticks with distances shown

(Å). Residues and atoms that provide hydrophobic interactions are highlighted with orange eyelash symbols. Also

see Figure 3—figure supplement 1.

DOI: https://doi.org/10.7554/eLife.32955.009

The following figure supplements are available for figure 3:

Figure supplement 1. HaAEP1 active site geometry.

DOI: https://doi.org/10.7554/eLife.32955.010

Figure supplement 2. Polder OMIT maps define the presence of a tetrahedral intermediate in the HaAEP1 active

site.

DOI: https://doi.org/10.7554/eLife.32955.011
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catalytic His178 and Cys220 residues which we hypothesize represent conformational changes that

occur during catalysis and correspond to substrate free and reaction intermediate states

(Figure 3A). In the intermediate state the catalytic Cys Sd is oriented ~95˚ towards the Nd of the cat-

alytic His imidazole ring which is orientated ~3.8 Å closer to this residue in the corresponding inter-

mediate state. Moreover, flexibility of His in a relatively open pocket free of steric hindrance

(Figure 3—figure supplement 1) suggests an additional role for conformational shifts of the His in

catalysis as seen with a range of proteases (McLuskey et al., 2012; Clark, 2016; Chekan et al.,

2017). In the proposed alternate resting state the catalytic Cys Sd is oriented towards the backbone

amine of the highly conserved Gly179, reducing the distance between them from 5.4 Å to 3.6 Å. In

this orientation the backbone amine might function in stabilizing proton abstraction from the Cys

thiol.
Close examination of the electron density in the active site of HaAEP1 suggested a small peptide

chain is intermittently bound to the intermediate conformation of Cys220 (Figure 3B). Given AEPs

specificity for Asx and the nature of the electron density, we built and refined a tetrahedral complex

of a three-residue peptide ligand (AAN) bound to the active site Cys of HaAEP1 with partial occu-

pancy (Figure 3B). Residues Ala-Ala were modeled upstream of the P1 Asn due to the weak electron

density away from the peptide backbone at these residues. The AAN peptide ligand allowed charac-

terization of interactions likely to exist between HaAEP1 and P1 Asn and main chain of residues P2-

P3 during substrate recognition. Due to the high sequence conservation of the HaAEP1 active site

with mammalian AEPs and conserved substrate orientation, many of the interactions with the sub-

strate match those observed for inhibitors of hAEPs (Dall et al., 2015) (Figure 3C). The presence of

this unexpected substrate in the HaAEP1 active site is likely to be a product of auto-activation. The

continuous electron density between Cys220 and the P1 Asn supports the interpretation of the for-

mation of a tetrahedral intermediate that is stabilized by the presence of an oxyanion hole formed

by His178, Gly179 and the backbone amine of Cys220 that is more congruous to the electron den-

sity than an acyl intermediate or free peptide (Figure 3B, Figure 3—figure supplement 2). More-

over, the observed short distance between the tetrahedral intermediate carbon atom and catalytic

cysteine sulfur atom is incompatible with the absence of a covalent interaction. Main chain amino

groups of Gly residues have previously been proposed to function in the creation of an oxyanion

hole stabilizing the formation of a tetrahedral intermediate with the substrate in a wide range of cys-

teine proteases (Dall and Brandstetter, 2016). Furthermore, previous observations of tetrahedral

intermediates and enzyme-product complexes with serine proteases have been shown to exhibit a

pH-dependent equilibrium (Wilmouth et al., 2001; Radisky et al., 2006; Lee and James, 2008).

Similarly, the trapping of this intermediate state may have been fortuitously facilitated by the activa-

tion of HaAEP1 at pH 4, followed by crystallization at pH 7. Although alternative conformations of

the active site Cys in hAEP have been described previously, this tetrahedral intermediate state has

not been described before (Dall et al., 2015).

Modulation of pH enables HaAEP1 to perform macrocyclization
The similarity of the HaAEP1 active site to that of OaAEP1 and the revelation that it contained a

reactive succinimide prompted us to test an enzyme preparation similarly taken to pH 4.0 against

the modified SFTI-1 precursor substrate SFTI(D14N)-GLDN substrate. HaAEP1 had previously been

unable to create a macrocyclic product from SFTI(D14N)-GLDN, but had been shown to efficiently

cleave it at a rate, kcat/Km value of 610 M!1 S!1, similar to rates published for other AEPs (Bernath-

Levin et al., 2015). To our surprise, our new preparations of HaAEP1 taken to pH 4.0 produced

cyclic SFTI(D14N) when the reactions were conducted at pH 6.5 (Figure 4B WT, Figure 4—figure

supplement 1A WT). Previously, HaAEP1 had been purified at pH 8, activated at pH five and then

used in reactions at pH 5. The HaAEP1 preparations that were able to macrocyclize were similarly

purified at pH 8, but activated at pH four then returned to pH 6.5. Activation at lower pH has been

shown to be more effective at removing the cap domain, which in mammalian AEPs had a propensity

to re-ligate (Zhao et al., 2014). Higher pH could also favor macrocyclization by facilitating the

deprotonation of the Gly N-terminus at the active site, priming it to attack its C-terminus, which is

held in the thioacyl intermediate at the active site.
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Residues local to the catalytic dyad influence product formation
To investigate the mechanism of macrocyclization by HaAEP1 we identified several residues for site

directed mutagenesis. Firstly, we hoped to clarify the roles of Cys220 and Snn177 in macrocycliza-

tion through Ser and Ala mutations, respectively. Furthermore, we also mutated Snn177 to Gly, as

the C13 protease GPI8 has also been proposed to carry out an intramolecular transpeptidation reac-

tion yet displays a Gly residue at a location equivalent to Snn177 (Zacks and Garg, 2006) (Figure 2—

figure supplement 2). Secondly, we hoped to alter the ability of HaAEP1 to macrocyclize its native

substrate SFTI-1 by altering the residues that fine tune this catalysis. By modeling the binding of an
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Figure 4. Mutagenesis studies of HaAEP1. (A) Activity based probe analysis of HaAEP1 WT and C220S mutant

illustrates that WT is active at pH 6.5 after activation at pH 4 whereas C220S mutant remains inactive. In-gel

fluorescence of activity based probe (right) and post-fluorescence Coomassie stain of SDS-PAGE gel (left). (B)
MALDI-TOF spectra of SFTI(D14N)-GLDN processing by WT and a range of HaAEP1 mutants directed at altering

the ability of HaAEP1 to cleave and macrocyclize the substrate SFTI(D14N)-GLDN. NEC – no enzyme control. (C)
Quantitation of peak areas from B. Peak areas of mass 1608 - cyclic SFTI(D14N), mass 1626 - acyclic-SFTI(D14N)

and mass 2025 - unprocessed seleno-Cys modified SFTI(D14N)-GLDN substrate, were normalized for ionization

efficiency using an internal standard mass 1515 - native SFTI-1. Black - cyclic SFTI-1(D14N), gray - acyclic-SFTI

(D14N) and white - unprocessed seleno-Cys modified SFTI(D14N)-GLDN substrate. Peak areas with acyclic and

cyclic forms have previously been shown to exhibit similar ionization efficiencies (Bernath-Levin et al., 2015). Error

bars illustrate standard deviation n = 3 (D177A n = 2) technical replicates. Also see Figure 4—figure supplements

1–4.

DOI: https://doi.org/10.7554/eLife.32955.012

The following figure supplements are available for figure 4:

Figure supplement 1. Analysis of WT HaAEP1 and mutants activity.

DOI: https://doi.org/10.7554/eLife.32955.013

Figure supplement 2. Model of SFTI-1 processing from PawS1.

DOI: https://doi.org/10.7554/eLife.32955.014

Figure supplement 3. Circular dichroism analysis of HaAEP1 secondary structure.

DOI: https://doi.org/10.7554/eLife.32955.015

Figure supplement 4. Re-ligation of cap domain at pH 8 favored after activation at pH 6.5.

DOI: https://doi.org/10.7554/eLife.32955.016
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NMR structure of PawS1 (Franke et al., 2017) and the N-terminally cleaved SFTI-1 precursor (SFTI-

GLDN) to HaAEP1 we were able to hypothesize the location of a hydrophobic S2’ binding region

encompassing strand bII with G185 located at the center of this region (Figure 4—figure supple-

ment 2). In addition, previous studies have also implicated that Asn, Glu and Asp residues proximal

to the catalytic Cys and His function in catalysis (Dall and Brandstetter, 2013; Zhao et al., 2014).

Inspection of the HaAEP1 structure revealed that several of these residues (including Asn73 and

Glu221) are conserved in HaAEP1. Glu221 is oriented away from Cys220, in a direction similar to

that seen in hAEP bound to human cystatin E, it might assume alternate conformations due to its sol-

vent exposure and high B-factor.
The mutant HaAEP1 proteins were expressed in E.coli and analyzed by circular dichroism (Fig-

ure 4—figure supplement 3), with wild-type (WT) HaAEP1 displaying a melting temperature

of ~52˚C similar to previous reports for hAEP (Dall and Brandstetter, 2013), and mutants displaying

similar spectra to WT.
Incubation of WT HaAEP1 with a fluorophore labeled (BODIPY) activity-based probe (Lu et al.,

2015) illustrated its heterogeneity in size following activation at pH 4 and incubation with substrate

at pH 6.5, which has previously been observed for AEP proteins both in vivo and in vitro and specu-

lated to be the result of processing of non-glycosylated forms (Zhao et al., 2014) (Figure 4a). This

probe also revealed a C220S mutation in HaAEP1 to result in the enzyme becoming incapable of

pH-dependent activation (Figure 4a). Further analysis of AEP mutants activity using the BODIPY

probe illustrates the substantial heterogeneity in size between active WT and N73A, N73D, D177G,

D177A or E221K mutant AEPs, likely due to autocatalytic processing, yet indicates that they remain

active (Figure 4—figure supplement 1D).
The use of a seleno-modified synthetic SFTI(D14N)-GLDN substrate, which we have previously

shown to be processed by HaAEP1 and CeAEP1(Bernath-Levin et al., 2015), allowed for a compari-

son of activity profiles of HaAEP1 mutants through the quantification of distinctive isotopic cyclic,

acyclic and unprocessed peak areas by MALDI-MS (Figure 4B–C, Figure 4—figure supplement 1A).

This comparison reveals subtle changes between mutants in the ratio of cyclic, acyclic and unpro-

cessed peptides and confirmed that the HaAEP1-C220S mutant is unable to cleave as evidenced by

the lack of a peak at mass 1608 or 1626 (Figure 4, Figure 4—figure supplement 1). As expected,

mutation of the second residue of the catalytic dyad (H178A) also results in a drastic reduction in

activity, based on SFTI(D14N)-GLDN processing and activity based BODIPY probe results, confirm-

ing the significance of C220 and H178 in AEP activity (Figure 4, Figure 4—figure supplement 1).

Interestingly, the H178A mutation does not abolish HaAEP1 activity, as previously seen with mAEP,

and suggests a third residue could facilitate proton transfer at the active site (Zhao et al., 2014).

Similar results to the H178A mutation were also observed for G185S that was directed at altering

the hydrophobic S2’ binding region. The effect of the G185S mutation suggests G185 has a role in

substrate recognition and could sterically alter the conformation of H178 and Snn177 (Figure 4, Fig-

ure 3—figure supplement 1). The mutation E221K, which has previously been shown to increase

endopeptidase activity in hAEP, resulted in a loss of cyclic product as shown by an absence of a

peak of mass 1608 (Figure 4B, Figure 4—figure supplement 1A). Mutation of N73A leads to a

higher ratio of cyclic to acyclic product as shown by an increased peak area relative to WT of mass

1608 and a reduced acyclic product peak of mass 1626. N73D and D177G mutants appear to pro-

cess SFTI(D14N)-GLDN in a manner similar to WT. Whereas the large fraction of unprocessed SFTI

(D14N)-GLDN, mass 2025, after incubation with D177A illustrates a reduction in processing effi-

ciency, as previously noted for the mAEP D149A mutant (Zhao et al., 2014).
The effect of the N73A, E221K and D177G mutations on AEP catalyzed ligation was probed fur-

ther by investigating each mutant’s ability to revert to its inactive form via re-ligation of its cap

domain upon shift to neutral pH. As described for mAEP and equivalent mutants (Zhao et al.,

2014), incubation of HaAEP1 at pH 4 led to an irreversible dissociation of its cap domain (Figure 4—

figure supplement 4). However, following activation at pH 5.5 and 6.5, upon shifting to pH 8 the

WT, N73A, E221K and D177G mutants were able to re-ligate the cap onto the core domain resulting

in the formation of the inactive pro-enzyme with a Mw ~52 kDa as evidenced by SDS-PAGE and

activity based probes (Figure 4—figure supplement 4).
These results confirm the importance of the catalytic dyad in AEP function and show that

HaAEP1, like mAEP and the closely related C13 family member GPI8, is able to perform its ligation
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reaction in the absence of a Snn residue. Moreover, subtle mutations affecting the stability of the

catalytic dyad might favor either hydrolysis or macrocyclization.

Active HaAEP1 exhibits an open surface amenable to macrocyclization
To discern the structural determinants that favored AEPs to be recruited independently by evolution

multiple times for macrocyclization, we compared the structure of HaAEP1 and its predicted binding

mode with the crystal structures of closely related cysteine proteases: sortase A, papain and meta-

caspase MCA2 (Suree et al., 2009; Chu et al., 2011; McLuskey et al., 2012) (Figure 5).
Sortase A is a Staphylococcus aureus cysteine protease which catalyzes a similar transpeptidation

reaction to AEP, ligating proteins bearing a LPXTG motif to peptidoglycan precursors in the bacte-

rial cell wall (Mazmanian et al., 1999). NMR studies have shown that the resolution of the transpep-

tidation thioacyl intermediate reaction occurs through nucleophilic attack of a lipid terminal amine in

Figure 5. Comparison of Cys protease active site topologies. Substrates are oriented towards the catalytic dyad of

Cys and His, highlighted in yellow and blue sticks, respectively. Regions and residues likely to impart steric

hindrance on the proposed mode of macrocyclization by AEPs in other Cys proteases are labeled. (A) Proposed
binding mode for SFTI-1 macrocyclization (cyan sticks and dots) based on the position of the tetrahedral

intermediate in the HaAEP1 structure with the N-terminus attacking the intermediate and the GLDN-tail (red-dots)

oriented over the catalytic His towards the bII-bIII region. (B) Structure of sortase A (PDB 2KID) covalently bound to

an analog of the sorting signal (purple sticks). Residues implicated in transpeptidation are highlighted with green

sticks, in a region analogous to the b5-bIV loop and bI-bII loop of HaAEP1. (C) Structure of papain (PDB 3IMA)

bound to residues 2–7 and 49–53 of tarocystatin (purple sticks) illustrating restricted access to the catalytic dyad.

(D) Structure of the metacaspase MCA2C213A (PDB 4AFV) with residues 30–33 of the N-terminal domain (purple

sticks) bound in the predicted direction for substrate binding. Flexible regions of low electron density are shown

with gray dots. Also see Figure 5—figure supplement 1.

DOI: https://doi.org/10.7554/eLife.32955.017

The following figure supplement is available for figure 5:

Figure supplement 1. Comparison of crystal structures of AEPs and a model of an efficient macrocyclizing AEP.

DOI: https://doi.org/10.7554/eLife.32955.018
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a steep valley between the b7-b8 and b4-b5 loops (Suree et al., 2009). In comparison to HaAEP1,
the sortase A b7-b8 loop protrudes much further from the active site and the aromatic residues
F122, Y128, W194 in these loops orient over the catalytic Cys (Figure 5B). Together these loops,
despite reported flexibility, would likely impart considerable steric hindrance for macrocyclization by
inhibiting both the resolution of the intermediate by the N-terminal amine group and binding at the
S20 substrate ‘tail’.

Papain from the melon tree Carica papaya is the archetypal plant C1 family cysteine protease and
has been found to bind to a cystatin homolog, tarocystatin, in a manner analogous to that of hAEP
binding cystatin (Otto and Schirmeister, 1997; Chu et al., 2011; Dall et al., 2015). However,
inspection of the papain active site reveals a topology that is not conducive for macrocyclization
with the catalytic triad buried deep within the protein and steric hindrance for peptide N-terminal
attack likely to be imparted by W177, D158 and the extended alpha helical loops of the a3 and a7
regions (Figure 5C).

Metacaspases are expressed in plant, fungi and protozoa and display a C14 caspase domain that
is structurally homologous to human caspases (Tsiatsiani et al., 2011). Metacaspases reside within
the same CD clan as AEP, but exhibit a strict specificity for a cleavage following Arg or Lys
(Vercammen et al., 2004). Currently no crystal structure is available for a plant metacaspase, how-
ever the crystal structure of the protozoan metacaspase MCA2 reveals an architecture that like
papain would likely be unfavorable for macrocyclization due to steric hindrance around the active
site from several prominent loops; including the b1-a1, bA-bB and 280-loop (McLuskey et al., 2012)
(Figure 5D).

The crystal structure of active HaAEP1 suggests that the combination of a relatively open reaction
interface with space around the active site allowing for catalytic residue flexibility has resulted in the
convergence upon AEPs for macrocyclization ahead of the other 30 families of cysteine proteases in
plants (Rawlings et al., 2016).

AEPs have an intrinsic ability to perform peptide macrocyclization
Given the sequence similarity between AEPs and the conservation of residues involved in catalysis
we hypothesized that the ability to macrocyclize peptides might be inherent to AEPs. To test this
hypothesis we recombinantly expressed two AEPs from species which are currently not thought to
contain cyclic peptides of any kind; Arabidopsis thaliana (AtAEP2) and Ricinus communis (RcAEP1),
respectively. These AEPs were purified and activated as described for HaAEP1 (pH 4) and then incu-
bated with non-native substrates; SFTI-GLDN and SFTI(D14N)-GLDN, at a pH that favors ligation
(pH 6.5). Under these conditions RcAEP1 was able to macrocyclize both SFTI-GLDN and SFTI
(D14N)-GLDN substrates whereas AtAEP2 was able to macrocyclize only SFTI(D14N)-GLDN (Fig-
ure 6). These findings further support our hypothesis that the structural features of AEPs described
above have allowed for the convergence upon AEP for peptide macrocyclization reactions.

Discussion
Herein, we have described the structure of an active plant AEP containing a peptide ligand with par-
tial occupancy bound to the active site catalytic Cys as a tetrahedral intermediate, illustrating confor-
mational flexibility in the AEP catalytic dyad. This structure has enabled us to predict a model for
SFTI-1 macrocyclization by HaAEP1 where the GLDN tail of the SFTI-1 precursor orients in a manner
analogous to cystatin binding to hAEP, over the catalytic His to a hydrophobic patch on the bII
region, and where the N-terminus attack occurs between the diminutive bI sheet and b5-bIV loop in a
manner analogous to the attack of thioacyl intermediates by peptidoglycan precursors in sortase-cat-
alyzed transpeptidation reactions (Suree et al., 2009; Clancy et al., 2010). This model complements
the requirement for a small amino acid followed by a hydrophobic residue at P10 and P20 due to their
orientation over the catalytic His and towards the hydrophobic bII-bIII region, respectively.

For several Cys proteases, including AEPs, a minor role for a third Asx/Arg residue in catalysis
has previously described (Vernet et al., 1995; Dodson and Wlodawer, 1998; Dall and Brandstet-
ter, 2016; Clancy et al., 2010; Buller and Townsend, 2013; Dall and Brandstetter, 2013). This
third residue has been suggested to function in stabilization and orientation of the His imidazole
ring. Interestingly, functional analysis of HaAEP1 catalytic triad residue N73 revealed that an N73A
mutation resulted in the production of a higher ratio of cyclic SFTI-1. The observation of potential
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conformational shifts in the crystal structure of HaAEP1 during catalysis suggests that the loss of an

orientating N73 side chain allows for further conformational flexibility of H178. This increased flexi-

bility of His in a relatively open pocket that might accommodate a range of rotamers could reduce

steric hindrance of an N-terminus entry towards the acyl intermediate and also facilitate deprotona-

tion of the substrate N-terminus.
The requirement for space and flexibility between the catalytic dyad favors the convergence for

peptide macrocyclization upon Cys proteases over Ser proteases due to the close proximity between
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GLDN (B) with AEPs from species thought not to contain cyclic peptides, namely Arabidopsis thaliana (AtAEP2)

and Ricinus communis (RcAEP1). (C) Quantitation of peak areas from seleno-Cys modified substrates in A) (mass

1609 - cyclic SFTI-1, mass 1627 - acyclic-SFTI and mass 2026 - unprocessed SFTI-GLDN substrate) and B) (mass

1608 - cyclic SFTI(D14N), mass 1626 - acyclic-SFTI(D14N) and mass 2025 - unprocessed seleno-Cys modified SFTI

(D14N)-GLDN substrate) normalized to mass 1515 - native SFTI-1. Black – cyclic peptide, gray – acyclic peptide

and white – unprocessed substrate. Error bars illustrate standard deviation n = 3 technical replicates. (D) SDS-
PAGE analysis of inactive (pH 8) and active (pH 6.5) AtAEP2 and RcAEP1 proteins.
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Ser-His residues in these proteases, an inherent requirement based upon the reduced nucleophilic

properties of Ser (Buller and Townsend, 2013). Indeed, a recent structure of a macrocyclizing Ser
protease, PCY1, suggested that a shift in the catalytic His away from Ser is required for macrocycliza-

tion, based on a comparison to their hydrolytic relatives, and suggested a role for the catalytic His in
deprotonation of the attacking peptide N-terminus (Chekan et al., 2017). Furthermore, comparison

with other Cys proteases suggests that AEPs have been converged upon for macrocyclization based
on their relatively flat and open catalytic site. In contrast to a recent hypothesis for efficient macro-

cyclization based on a comparison of AEP structures focused on a region closer to the S4 pocket,

here we suggest that differences in AEP catalytic efficiency and substrate specificity will be defined
by subtle amino acid differences in the bII-bIII region, bI sheet and b5-bIV loop and the S1-S5 pocket

(Yang et al., 2017). Moreover, this orientation of the tail away from the bI sheet and b5-bIV loop is
hindered in other caspases which exhibit a relatively straight substrate channel (Figure 5) and thus

prevent simultaneous attack of the thioacyl intermediate by the N-terminus loop upon scissile bond

cleavage.
Following activation, AEP functionality has been illustrated to be dependent on a delicate balance

between pH and stability, where endopeptidase activity is favored at a low pH (~pH 4) and ligase

activity is favored at a higher pH (~pH 6) (Dall et al., 2015). A pH-dependent activity has been well
documented for cysteine proteases and is a function of the formation of a thiolate and imidazolium

ions on the catalytic dyad of Cys and His residues (Dall and Brandstetter, 2016; Frankel et al.,

2005). Given the hypothesized role of His in deprotonating the attacking N-terminal peptide chain
in peptide macrocyclization it would therefore be expected that at a low pH the catalytic His would

be more readily protonated and hence this reaction might be less frequent resulting in more hydro-
lysis at low pH. This hypothesis is supported by the low level of endopeptidase activity observed

with Ala mutations of the catalytic His in HaAEP1 and other proteases, illustrating that thiolates
might form and that hydrolytic resolution of the thioacyl intermediate might occur in the absence of

His (Frankel et al., 2007; Zhao et al., 2014). Previous reports have also suggested that a local Gly

amide backbone might facilitate catalysis via a transfer of a proton to the leaving group of the tetra-
hedral intermediate from a hydrogen bonded water molecule; analysis of the HaAEP1 structure

reveals Gly179 could potentially perform this role in the absence of His (Brady et al., 1999). More-
over, mutation of the acidic residue following the catalytic Cys to a basic residue in hAEP has previ-

ously been shown to enhance catalytic efficiency by decreasing the local pKa of the Cys residue
(Dall and Brandstetter, 2013). Interestingly, we found an equivalent mutation in HaAEP1 to result

in the loss of peptide macrocyclization indicating that E221 could also aid in deprotonation of the

incoming N-terminus or that the residue’s larger side chain and expected orientation in activating
the catalytic Cys could impart steric hindrance upon the N-terminus attack of the thioacyl intermedi-

ate (Figure 4, Figure 4—figure supplement 1). However, given the finding that E221K mutation is
unable to prevent re-ligation of the cap domain to the active core domain upon pH shift in HaAEP1,

there is likely to be redundancy between the local residues in creating a nucleophilic amine group to
complete a transpeptidation reaction.

The finding that AEPs from species that lack cyclic peptides may be coaxed into performing pep-
tide macrocyclization of a linear peptide under favorable conditions significantly expands the poten-

tial use of AEPs for the production of cyclic peptides (Figure 6). Moreover, further investigation into
the subtle nuances that define substrate specificity and catalytic activity between AEPs is warranted,

with differences in the bII-bIII region, bI sheet, b5-bIV loop and around the S1-5 pocket including the

variable a5-b6 and bIV-bV loops likely to be key (James et al., 2017). Indeed, in comparison to
HaAEP1 and OaAEP1, the efficient peptide macrocyclizing AEP butelase one displays several differ-

ent amino acids that could be responsible for this AEPs efficacy. These differences include shorter
sidechains in the bI sheet and b5-bIV loops that may reduce steric hindrance on a peptides N-termi-

nus during attack on a thioacyl intermediate (HaAEP1: P181, Q245, N247 OaAEP1: A178, T242,
S244 Butelase-1: A168, G232, S234) and differences in the bIV-bV region that could generate sub-

strate specificity (Figure 5—figure supplement 1).
Active HaAEP1 exhibits a succinimide at the same position as hAEP which has previously been

postulated to perform a Cys-independent ligation reaction through cyclic rearrangement with the P1
Asx side chain (Dall et al., 2015). Functional analysis reveals that HaAEP1 is able to perform peptide

macrocyclization despite D177G/A mutations that cannot form a succinimide group (Figure 4B–C).
Moreover, these mutants continued to perform re-ligation of the cap domain when activated at
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pH >5.5 (Figure 4—figure supplement 4), a result that has previously been shown with mAEP

(Zhao et al., 2014). In the absence of a critical requirement for succinimide formation in macrocycli-

zation the question remains as to why this relatively unstable aspartimide appears stable in AEP crys-

tal structures and is largely conserved in the C13 proteases. Succinimides have been shown to form

more readily when adjacent to His residues as the His Nd abstracts a proton from the His backbone

NH allowing the deprotonated main chain amine to attack the Asx side chain (Brennan and Clarke,

1995; Takahashi et al., 2016). Once formed this succinimide could enhance the activity of the cata-

lytic His by virtue of reducing stabilizing hydrogen bonding interactions with the carboxyl terminus

and be involved in the proper positioning of the catalytic His. A further potential role for succini-

mides could present upon their hydrolysis through racemization and favored formation of iso-Asp

(Geiger and Clarke, 1987; Reissner and Aswad, 2003). This iso-Asp could potentially represent a

subtle mode of AEP regulation as the orientation of this side chain towards the S1 pocket is likely to

disrupt substrate binding. Such iso-Asp residues have previously been proposed to regulate protein

activity by a time-dependent molecular switch (Geiger and Clarke, 1987; Ritz-Timme and Collins,

2002).
In the absence of caspases, plants have evolved a wide range of cysteine proteases to ensure

functional redundancy in a myriad of highly regulated programmed cell death pathways in response

to environmental and developmental cues (Fagundes et al., 2015). Furthermore, plants have devel-

oped a variety of strategies to control the destructive prowess of these proteases including the

expression of proteases as inactive zymogens with cofactor dependency, compartmentalization and

the production of protease inhibitors (Martı́nez et al., 2012). Of these cysteine proteases the AEPs

have recently attracted considerable interest due to their ability to carry out peptide macrocycliza-

tion and their potential application in the synthesis of pharmacoactive cyclic peptides. Herein, the

structural and functional analysis of HaAEP1 has revealed residues that are able to favor the produc-

tion of cyclic or acyclic products from SFTI(D14N)-GLDN. Moreover, we have modeled a binding

mode for productive macrocyclization of the HaAEP1 natural ligand SFTI-1, based on a comparison

with related cysteine proteases that is likely to be conserved between AEPs, where substrate speci-

ficity is defined by the amino acids around the binding site for respective AEPs. Furthermore, we

have shown that AEPs from diverse species lacking cyclic peptides are able to perform macrocycliza-

tion under favorable pH conditions. These findings provide the foundation for further optimization

of AEPs, potentially widening the array of peptide substrates that could be cyclized by AEPs.

Materials and methods

Protein expression and purification
DNA sequence encoding residues 28–491 of HaAEP1 (accession code: KJ147147), Ricinus communis

AEP (RcAEP1) residues 58–497 (accession code: D17401) and Arabidopsis thaliana AEP (AtAEP2)

residues 47–486 (accession code: Q39044) were cloned into a pQE30 (QIAGEN, Hilden, Germany)

expression vector with an N-terminal six-histidine tag and expressed in the SHuffle strain E. coli

(New England Biolabs) transformed with pREP4 (QIAGEN). Briefly, cultures were grown at 30˚C to

an OD600 of 0.8–1.0 in Luria Broth medium containing 100 mg/mL ampicillin and 35 mg/mL kanamycin

with expression induced at 16˚C with 0.1 mM isopropyl b-D-1-thiogalactopyranoside then cells cul-

tured overnight. Cell pellets were collected by centrifugation and lysed by ultrasonication in 50 mM

Tris (pH 8.0), 100 mM sodium chloride, 0.1% Triton X-100. The soluble fraction was then harvested

by centrifugation and the supernatant was incubated (batch wise) with Ni-NTA resin overnight at

4˚C. The resin was then washed with 20 mL of 50 mM Tris (pH 8.0) and 20 mL of 50 mM Tris (pH 8.0)

20 mM imidazole and protein was eluted stepwise with 20 mL of 50 mM Tris (pH 8.0) 300 mM imid-

azole. For purification for crystal screens, six-histidine tagged inactive protein was purified, using an

ÄKTA FPLC platform, by anion-exchange chromatography (HiTrap Q HP 5 mL) with a gradient of 0

to 500 mM sodium chloride over 60 min and then either activated by dialysis in 100 mM citric acid -

sodium citrate buffer (pH 4.0) containing 50 mM sodium chloride and 5 mM DTT, overnight at 16˚C,
or directly concentrated and further purified by size-exclusion chromatography (HiLoad 16/600

Superdex 200) in 50 mM Tris (pH 8.0), 50 mM sodium chloride. Following dialysis active AEP was

separated from insoluble material by centrifugation and purified by size-exclusion chromatography

Haywood et al. eLife 2018;7:e32955. DOI: https://doi.org/10.7554/eLife.32955 15 of 22

Research article Structural Biology and Molecular Biophysics

103



(HiLoad 16/600 Superdex 200) in 100 mM citric acid – sodium citrate buffer (pH 4.0) containing 50

mM sodium chloride. Protein was assessed for purity by SDS-PAGE.
HaAEP1 site-directed mutations were made following the Stratagene QuickChange protocol with

the following primers: The N73A mutation was made with forward primer 50-GTA GCA AAG GTT

ATG GTG CTT ATC GTC ATC AGG CC-30 and reverse primer 50-GGC CTG ATG ACG ATA AGC

ACC ATA ACC TTT GCT AC-30; the N73D mutation with 50-GTA GCA AAG GTT ATG GTG CTT ATC

GTC ATC AGG CC-30 and 50-GCC TGA TGA CGA TAA TCA CCA TAA CCT TTG CTA C-30; The

D177A mutation with 50-CTG TTT TAT AGC GCT CAT GGT GGT CCG G-30 and 50-CCG GAC CAC

CAT GAG CGC TAT AAA ACA G-30; the D177G mutation with 50-CTG TTT TAT AGC GGC CAT

GGT GGT CCG GG-30 and 50-CCC GGA CCA CCA TGG CCG CTA TAA AAC AG-30; the H178A

mutation with 50-CTG TTT TAT AGC GAT GCT GGT GGT CCG GGT G-30 and 50-CAC CCG GAC

CAC CAG CAT CGC TAT AAA ACA G-30; the G185S mutation with 50-GTC CGG GTG TTC TGA

GTA TGC CGA ATG AAC-30 and 50-GTT CAT TCG GCA TAC TCA GAA CAC CCG GAC-30; the

C220S mutation with 50-TGA TTT ATC TGG AAG CAT CTG AAA GCG GCA GCA T-30 and 50-ATG

CTG CCG CTT TCA GAT GCT TCC AGA TAA ATC A-30; and the E221K mutation with 50-GAT TTA

TCT GGA AGC ATG TAA GAG CGG CAG CAT TTT TGA AGG-30 and 50-CCT TCA AAA ATG CTG

CCG CTC TTA CAT GCT TCC AGA TAA ATC-30. Mutations were verified by sequencing and

expressed as described for WT.

Crystallization and data collection
Protein was concentrated to 10–15 mg/mL and crystal screening performed using the sitting-drop-

vapor diffusion method with 80 mL of reservoir solution in 96-well Intelli-Plates at 16˚C. Protein to

mother-liquor ratios for the sitting drops were varied in each condition: 0.1:0.1, 0.1:0.2, and 0.2:0.1

mL. Crystals of active HaAEP1 were obtained in 0.1 M HEPES (pH 7.5), 1.4 M sodium citrate tribasic

dihydrate. Single crystals were soaked in mother-liquor supplemented with 20% glycerol as a cryo-

protectant prior to being flash-frozen and stored in liquid nitrogen. Data collection was performed

at 100 K on the Australian MX2 (micro-focus) beamline using a wavelength of 0.9537 Å and diffrac-

tion data for crystals were collected to a resolution of 1.8 Å.

Structural determination, refinement and model building
Diffraction data were processed using iMOSFLM and scaled with AIMLESS from the CCP4 program

suite (Battye et al., 2011; Winn et al., 2011) in space group P3121 with unit cell dimensions

a = b = 77.03, c = 108.17. A sequence alignment of HaAEP1 and human AEP1 was generated using

ClustalO and used to create a search model of HaAEP1 based on the last common atom of human

AEP (4FGU) using CHAINSAW. The structure of HaAEP1 was solved by molecular replacement with

PHASER using this search model, followed by automatic building with ARP/WARP. Manual building

and refinement was performed in iterative cycles with COOT and REFMAC5 using the CCP4 pro-

gram suite. Structural analysis and validation were carried out with COOT and MolProbity

(Emsley and Cowtan, 2004; Chen et al., 2010). Crystallographic data and refinement statistics are

summarized in Table 1 with Ramachandran plot values calculated from COOT. The peptide AAN

modeled into the HaAEP1 active site was oriented into the active site based on the similar mode of

cystatin binding to human AEP (4N6O)(Dall et al., 2015). The tetrahedral intermediate was evi-

denced from initial visualization in Fo-Fc electron density difference maps using a polder OMIT map

as implemented in phenix.polder (Liebschner et al., 2017). Coordinates and structure factors were

deposited into the Protein Data Bank (PDB) under accession code 6AZT. Tetrahedral complex of a

three residue peptide ligand (AAN) bound to the active site Cys220 defined as CX9 in PDB file. Fig-

ures illustrating structures were generated using PyMol, electrostatic surface potentials were con-

toured at ±10 kT/e using an APBS PyMol plugin (Dolinsky et al., 2007; Schrodinger, 2010). Models

of C. ensiformis and C. ternatea AEPs were generated using the I-TASSER server (Roy et al., 2010).

Circular dichroism
Proteins purified in 50 mM Tris (pH 8.0) 300 mM imidazole were concentrated in an 30 kDa Amicon

centrifugal filter and buffer exchanged with an excess of 10 mM sodium phosphate buffer (pH 8).

Concentrations were checked by absorbance at 280 nm with a NanoDrop using the extinction coeffi-

cient of Pro-AEP and samples diluted to 0.1 mg/ml or 0.2 mg/ml. CD measurements were made in
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triplicate using a Jasco J-810 CD spectrometer with a 0.1 cm quartz cuvette using a 1 nm bandwidth

on a 0.1 mg/ml sample. CD wavelength spectra were collected from between 200–260 nm a rate of

1 nm/sec at 20˚C. Melt curves were collected using the same bandwidth at 222 nm with temperature

increasing at a rate of 1 ˚C/min from 20–95˚C on a 0.2 mg/ml sample. WT HaAEP1 melting tempera-

ture was interpolated from melt curve using a sigmoidal four parameter logistic regression fit

(GraphPad Prism, La Jolla, USA).

Protein activity analysis
AEPs were activated by dialysis for four hours at room temperature in activation buffer (20 mM

sodium acetate pH 4.0, 5 mM DTT, 100 mM sodium chloride, 1 mM EDTA) followed by a second

dialysis into ligation buffer (20 mM MES pH 6.5, 0.5 mM DTT, 100 mM sodium chloride, 1 mM EDTA

acid). Protein concentrations were determined by measuring absorbance at A280 using a NanoDrop

(1 Abs = 1.0 mg/mL). For mass spectrometry analysis of the processing of SFTI(D14N)-GLDN or

native SFTI-GLDN by WT HaAEP1, RcAEP, AtAEP2 and mutant HaAEPs, AEPs at a concentration of

40 mg/mL were incubated with 0.25 mM peptide with a diselenide bond and 25 mM native (i.e. disul-

fide) SFTI-1 as an internal standard in activity buffer (20 mM MES pH 6.5, 5 mM DTT, 1 mM EDTA).

Reactions were carried out at 37˚C for 16 hr. Three independent reactions were performed for each

protein tested. The reactions were stopped by dilution 100-fold in 50% acetonitrile, 0.1% formic

acid and spotted with an a-cyano-4-hydroxycinnamic acid matrix onto a plate for analysis by MALDI-

MS. Quantification of peak area by MALDI-MS was calculated using the internal standard to normal-

ize for ionization efficiency as described previously (Bernath-Levin et al., 2015). Briefly, for activity

probe analysis 50 mL of AEP at 10 mg/mL was incubated with 1 mM of the BODIPY probe JOPD1

(Lu et al., 2015) at room temperature overnight and protected from light. The labeling reaction was

stopped by the addition of 10 mL of 6x SDS-PAGE loading buffer containing b-mercaptoethanol and

proteins separated using 4–12% Bis-Tris SDS-PAGE gels as previously described (Lu et al., 2015).

Labeled proteins were visualized in gel with excitation and emission wavelengths of 532 and 580 nm

using a Typhoon 9500 (GE Healthcare, Paramatta, Australia).

Analysis of reversal of AEP activation
WT, D177G, N73A and E221K proteins were purified by affinity chromatography as described above

and activated by overnight (4˚C) dialysis at pH 4.0/5.5/6.5 in 100 mM citric acid - sodium citrate

buffer containing 50 mM sodium chloride and 5 mM DTT, with pH adjusted by addition of 1.0 M

Tris-HCl pH 8. Prior to pH-shift, sample aliquots were flash frozen and stored at !80˚C for subse-

quent activity probe analysis and SDS-PAGE analysis. Remaining activated protein was then returned

to the previous buffer but with pH adjusted to pH 8.0 by adding 1.0 M Tris-HCl pH 8.0, as previously

described, and incubated overnight at 4˚C (Hara-Nishimura et al., 1998). Following dialysis at pH

8.0 samples were flash frozen as described above. Proteins were then analyzed for activity, as

described above, using the BODIPY activity based probe. Following in gel visualization of active pro-

tein gels were immediately fixed in Coomassie Blue stain for comparison of active and inactive

protein.
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Supplemental Figures 

 
Figure 2 – figure supplemental 1 | HaAEP1 auto-catalytically activates upon pH 
shift to pH 4. HiLoad 16/600 Superdex 200 size exclusion chromatograph of HaAEP1 
purified at pH 8 (black) and HaAEP1 purified at pH 8 then dialyzed at pH 4 overnight at 
16°C (purple). Right insert - SDS-PAGE analysis of fractions collected from labeled 
size exclusion peaks illustrating ~52 kDa inactive HaAEP1 (Lane 1), heterogeneous 
self-cleavage products of HaAEP1 activation (Lane 2), alternatively cleaved and 
removed C-terminal cap domains (Lane 3 and 4). 
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Figure 2 – figure supplemental 2 | Sequence alignment of C13 family of cysteine 
proteases. Proteins labeled with UniProt codes, AOAOG2RI59 – HaAEP1. Plant AEPs 
grouped in green box. Mammalian AEPs grouped in dark blue box. GPI8 proteins 
grouped in gray box. Identical residues shown with white text and red box, similar 
residues shown with red text. Potential cleavage sites of HaAEP1 shown with green 
stars. Catalytic triad highlighted with black stars. Succinimide forming aspartic acid, not 
conserved in GPI8 proteins highlighted with gold stars. Predicted N-linked 
glycosylation sites in HaAEP1 and human AEP shown with black and blue inverted 
triangles, respectively. Variable insertion sites between βIV:βV and α5:β6 strands in 
HaAEP1 highlighted with cyan brackets. 
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Figure 2 – figure supplemental 3 | Topology diagram of active HaAEP1. Topology 
diagram based on previously published diagram of highly similar structure of hAEP 
(Dall and Brandstetter, 2013). Polyproline insertion site found in HaAEP1 between 
βIV:βV shown in red. Residues 304–309 which exhibit low electron density are 
illustrated with red dotted loop. 
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Figure 3 – figure supplemental 1 | HaAEP1 active site geometry. (A) Alternate 
conformations of catalytic residues H178 and C220, distances illustrated with text (Å) 
and dots. Distance of His178 to other local residues indicates that, with the exception of 
N73 and Snn177, H178 is relatively free from steric hindrance. (B) Tetrahedral peptide 
conformation bound to C220 (purple sticks) suggests that H178 and the backbone 
amines of G179 and C220 contribute to stabilizing this intermediate by forming an 
oxyanion hole, hydrogen bonds illustrated with text (Å) and dots. Furthermore, H178 is 
ideally situated to deprotonate an attacking nucleophilic group leading to formation of a 
tetrahedral intermediate and protonate the leaving group upon resolution of the 
intermediate. 
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Figure 3 – figure supplemental 2 | Polder OMIT maps define the presence of a 
tetrahedral intermediate in the HaAEP1 active site. Polder OMIT maps (Fobs - 
Fcalc) calculated in the absence of an AAN peptide ligand, contoured at 3σ level, 
indicate that models of alternative intermediate AAN peptide structures (thioacyl 
intermediate – purple) and cleavage product (hydrolysis product – gray) appear not to fit 
the observed electron density as well as the modeled tetrahedral intermediate (second 
tetrahedral intermediate – green). Model peptides are shown from above (left) and side 
on (right) to aid visualization of electron density maps with incongruous regions of 
models circled (red dashed line). 
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Figure 4 – figure supplemental 1 | Analysis of WT HaAEP1 and mutants activity. 
(A) Expanded view of MALDI-TOF spectra of seleno-Cys SFTI(D14N)-GLDN 
processing by WT and a range of HaAEP1 mutants. Peak of mass 1608 - cyclic SFTI-
1(D14N) and mass 1626 - acyclic-SFTI(D14N) indicated with blue and red dashed 
lines, respectively. (B) Structure of activity based probe with fluorescent BODIPY 
structure (yellow), P1 Asp residue (blue) and acyloxymethyl ketone (AOMK) 
highlighted. (C) SDS-PAGE analysis of Pro-AEP (Mw ~ 52 kDa) HaAEP1 WT and 
mutants at 0.1 mg/ml (pH 8). (D) Activity based probe analysis of HaAEP1 WT and 
mutants at pH 6.5 following activation at pH four illustrates heterogeneity of active 
HaAEP1 mutants sizes and drastically reduced levels of activity of G185S, H178A and 
C220S mutants. 
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Figure 4 – figure supplemental 2 | Model of SFTI-1 processing from PawS1. Model 
aligned on framework of tetrahedral intermediate in the active site and where the 
substrate should orient through the S1-S5 pocket, between the β5-β6 and βIV:βV loops, 
using a PawS1 NMR structure (PDB 5U87). HaAEP1 modeled PawS1 cleavage at 
Asn49 (A), Asn18 (B) and Asp14 (C) with expanded views of active site shown below. 
HaAEP1 green, SFTI-1 precursor light cyan, Preproalbumin cyan. Cleavage residues 
highlighted with dark blue sticks. N-terminal Gly, shown as magenta sticks, acts as 
nucleophile to attack C-terminus of SFTI-GLDN (C). 
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Figure 4 – figure supplemental 3 | Circular dichroism analysis of HaAEP1 
secondary structure. (A) Melt curve of pro-AEP (pH 8) HaAEP1 measured at 222 nm, 
[0.2 mg/mL], shows a melting temperature of ~52°C. n = 3 technical replicates data 
fitted with sigmoidal four parameter logistic regression fit. (B) Circular dichroism 
spectroscopy of pro-AEP (pH 8) WT HaAEP1 and active site mutants, [0.1 mg/mL], 
average of n = 2 technical replicates. 

  

119



 

Figure 4 – figure supplemental 4 | Re-ligation of cap domain at pH 8 favored after 
activation at pH 6.5. In-gel fluorescence of activity based probe (right) and post-
fluorescence Coomassie stain of SDS-PAGE gel (left) of WT HaAEP1, N73A, E221K 
and D177G mutants. Activity based probe illustrates presence of active HaAEPs after 
dialysis at pH 4/5.5/6.5. Coomassie staining of gels reveals that upon pH shift to pH 8 
re-ligation of the cap domain is favored post-dialysis at pH 6.5, with strong pro-AEP 
bands also seen post-dialysis at pH 5.5 with N73A and D177G mutants. 
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Figure 5 – figure supplemental 1 | Comparison of crystal structures of AEPs and a 
model of an efficient macrocyclizing AEP. Crystal structures of AEPs with APBS 
generated electrostatic potential maps contoured at ±10 kT/e and catalytic Cys and His 
shown in yellow and blue sticks, respectively. Overall topology of AEPs (left) appear 
similar with slight differences in surface electrostatic potential. Expanded views of 
catalytic region (βI sheet, β5-βIV loop and βI-βIII region) orientated over the catalytic 
His residue (right) illustrates variation around the active site, with residues that are 
proposed to alter substrate specificity shown with sticks. A model of an efficient 
macrocyclizer, C. ensiformis AEP (accession code: AIB06797), built on the HaAEP1 
structure which displays 76.3% amino acid identity, is shown below the dotted line. C. 
ensiformis AEP appears to exhibit a more accessible active site, in comparison to other 
AEP structures, due to the presence of several short side-chain amino acids. 
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Chapter 6: The macrocyclising protease butelase 1 remains 

autocatalytic and reveals the structural basis for ligase 
activity 
 

Preface 

At the time that this study was conceived, the structure of several plant AEPs – a 

sunflower (Helianthus annuus) AEP (1), an Arabidopsis thaliana AEP (2), and an 

Oldenlandia affinis AEP (3) – had been solved. To understand what structural features 

make an AEP efficient at transpeptidation, we solved the crystal structure of butelase 1, 

the most efficient transpeptidase known with a catalytic efficiency of up to 1,340,000 

M-1s-1 (4), to a resolution of 3.1 Å. This allowed us to make structural comparisons 

amongst AEPs with varying cleavage and transpeptidation efficiencies, which gave us 

an appreciation of how subtle the differences at the substrate-binding region are 

between ‘transpeptidation specialist’ AEPs and ‘cleavage specialist’ AEPs. The 

breakthrough paper that described butelase 1 for the first time worked with material 

extracted directly from plants, and characterised butelase 1 as a transamidase, cyclase 

and ligase (5). This would mean that butelase 1 would need another AEP to cleave the 

pro-domain to activate it. To test whether butelase 1 is still capable of carrying out 

proteolysis, we made it recombinantly. That this recombinant pro-butelase 1 could self-

activate was proof it could cleave in vitro. The self-activated recombinant butelase 1 

used on non-native substrates would partly cleave and partly macrocyclise. Finally, a 

DNA sequence encoding C. ternatea butelase 1 was put under control of a seed specific 

OLEOSIN promoter and transformed into an AEP null A. thaliana mutant, where it 

partly rescued its lack of AEP activity. Analysing the cleavage pattern of seed storage 

proteins in this study, we show that butelase 1 does indeed retain its cleavage function 

in vivo, albeit with apparently low efficiency. This demonstrated that butelase 1 didn’t 

just cleave in vitro, but could cleave sequences in vivo as well. Butelase 1 might 

therefore be an interesting example of how an enzyme sacrifices cleavage activity to 

specialise at macrocyclisation/transpeptidation, and its ability to cleave is retained 

possibly due to its requirement for autocatalytic activation or insufficient selection 

pressure.  
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SUMMARY

Plant asparaginyl endopeptidases (AEPs) are expressed as inactive zymogens that perform maturation of

seed storage protein upon cleavage-dependent autoactivation in the low-pH environment of storage vac-

uoles. The AEPs have attracted attention for their macrocyclization reactions, and have been classified as

cleavage or ligation specialists. However, we have recently shown that the ability of AEPs to produce either

cyclic or acyclic products can be altered by mutations to the active site region, and that several AEPs are

capable of macrocyclization given favorable pH conditions. One AEP extracted from Clitoria ternatea seeds

(butelase 1) is classified as a ligase rather than a protease, presenting an opportunity to test for loss of

cleavage activity. Here, making recombinant butelase 1 and rescuing an Arabidopsis thaliana mutant lacking

AEP, we show that butelase 1 retains cleavage functions in vitro and in vivo. The in vivo rescue was incom-

plete, consistent with some trade-off for butelase 1 specialization toward macrocyclization. Its crystal struc-

ture showed an active site with only subtle differences from cleaving AEPs, suggesting the many

differences in its peptide-binding region are the source of its efficient macrocyclization. All considered, it

seems that either butelase 1 has not fully specialized or a requirement for autocatalytic cleavage is an evolu-

tionary constraint upon macrocyclizing AEPs.

Keywords: Clitoria ternatea, Arabidopsis thaliana, biosynthesis, macrocyclization, protease, enzymology,

structural biology.

INTRODUCTION

Proteases are a large family of enzymes that are responsi-
ble for breaking peptide bonds and they are highly con-
served in their mode of catalysis. The residues that
comprise the catalytic triad (or dyad) of proteases are
highly conserved and an analysis of naturally existing vari-
ation among classes of proteases has defined additional
geometric constraints on the architecture of the protease
active site (Buller and Townsend, 2013).

Asparaginyl endopeptidases (AEPs) are cysteine pro-
teases that cleave peptide bonds following Asn (N) and
Asp (D) residues. Like many proteases, AEPs are expressed
as zymogens and require autoactivation by cleavage of
N- and C-terminal pro-domains at low pH. In plants, AEPs
are also known as vacuolar processing enzymes as they
process proteins in protein storage vacuoles. Seed storage

proteins and AEPs are synthesized as precursors on the
rough endoplasmic reticulum (ER) before being sorted into
separate vesicles. Processing is predicted to occur at the
multi-vesicular bodies where both mature and immature
seed storage proteins have been shown to co-localize with
AEP (Otegui et al., 2006). Ultimately, matured seed storage
proteins are trafficked to protein storage vacuoles where
they remain until they are catabolized during germination.
An Arabidopsis thaliana quadruple aep knockout line
shows misprocessing of the major seed storage globulins
and albumins (Gruis et al., 2004; Kuroyanagi et al., 2005).

In addition to these cleavage functions, AEPs have
attracted interest as enzymes that synthesize cyclic pep-
tides (reviewed by James et al., 2018). Several structural
and molecular studies have helped decipher the struc-
tural features necessary for macrocyclization. We have
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recently shown through structural and biochemical stud-
ies of a sunflower AEP that subtle amino acid changes
around the active site were able to alter the ratio of
cyclized and cleaved reaction products (Haywood et al.,
2018) and that all activated AEPs are probably able to
perform a macrocyclization reaction at a favorable pH.
Mutating a bulky Cys residue located in the substrate
channel to a smaller Ala residue greatly increased the
rates of macrocyclization activity of an AEP from Olden-
landia affinis (Yang et al., 2017). Furthermore, recent
sequence analysis and molecular modeling have revealed
a range of residues that together contribute to ligation
efficiency (Jackson et al., 2018; James et al., 2018; Zauner
et al., 2018b).

Given the considerable interest in developing efficient
macrocyclizing enzymes as tools for producing highly
stable bioactive molecules, butelase 1, the most efficient
native cyclizing AEP known to date, has attracted a great
deal of attention (Nguyen et al., 2015, 2016a,b; Bi et al.,
2017). However, the practicality of butelase 1 as a tool for
synthetic production of cyclic peptides has been limited by
an inability to produce it as a recombinant protein (Nguyen
et al., 2014).

Although butelase 1 shares high sequence similarity to
other AEPs, it exhibits a strong preference for transpeptida-
tion reactions over hydrolysis. Butelase 1 extracted from
seeds of the butterfly pea, Clitoria ternatea, was proposed
to have evolved to function as a ligase rather than a pro-
tease and would only perform a cleavage reaction in the
absence of a suitable nucleophile for macrocyclization
(Nguyen et al., 2014). In the presence of a C-terminal
tripeptide motif (Asx/His/Val, with Asx being either Asn or
Asp) butelase 1 will accept most N-terminal amino acids
for transpeptidation and has been shown to circularize a
number of non-native substrates of various sequence com-
positions and sizes (Nguyen et al., 2014, 2015; Hemu et al.,
2016). However, when given a fluorogenic substrate recog-
nized and cleaved by AEPs, butelase 1 produced no
cleaved product, indicating it was incapable of hydrolysis
(Nguyen et al., 2014).

With the suggestion that butelase 1 evolved to function
as an Asx-specific ligase, one might expect it to be unable
to self-activate. It is conceivable that butelase 1 is activated
by another AEP in trans such as butelase 2, which has
been shown to have only a cleavage function and to lack
cyclizing activity (Serra et al., 2016). To test this hypothe-
sis, we produced recombinant butelase 1 for biochemical
studies. We also examined its biological activity in vivo by
placing a transgene encoding butelase 1 in an A. thaliana
mutant line that lacks AEP activity. We found recombinant
butelase 1 to be readily self-activated at low pH and also to
act as an endopeptidase in vivo, partly rescuing the seed
protein profile of the aep null line. A crystal structure we
acquired for butelase 1 showed only subtle differences

between its active site and those of AEPs that favor cleav-
age reactions.

These findings suggest that, although an efficient
macrocyclase, butelase 1 either has not yet fully special-
ized into a macrocyclase or will never fully specialize if the
evolutionary constraint of self-processing cannot be over-
come in natural systems.

RESULTS

Crystal structure of butelase 1

Asparaginyl endopeptidases are expressed as zymogens
with a C-terminal pro-domain that ‘caps’ the active site of
the core domain. Dissociation of this cap domain occurs
upon a shift to a low-pH environment where in trans self-
cleavage occurs at a flexible linker region. Although previ-
ous attempts to produce recombinant butelase 1 failed
(Nguyen et al., 2014), by using an Escherichia coli strain
optimized for recombinant proteins with disulfide bonds
(Lobstein et al., 2012) we found that we could successfully
express and purify recombinant butelase 1 as we have
done for four other plant AEPs (Bernath-Levin et al., 2015;
Haywood et al., 2018). The recombinant protein possessed
a 6-His tag at its N-terminus, followed by a Gly–Ser linker
and 462 residues of butelase 1 from Ile21 to Val482 (Fig-
ure S1 in the online Supporting Information). This consti-
tutes the full open reading frame (ORF)-encoded butelase 1
(482 residues) minus its ER signal (20 residues). After
purification by immobilized metal affinity chromatography
at neutral pH, the purified protein possessed both a small
N-terminal pro region and a much larger C-terminal cap
that covers the active site.

Crystallization trials of butelase 1 in its inactive form
yielded diffraction-quality crystals at 3.1 !A resolution. The
crystal structure was solved by molecular replacement,
yielding four molecules in each asymmetric unit (Figure 1).
These molecules were arranged in a manner analogous to
that previously reported for A. thaliana AEP3, with the
asymmetric unit similarly consisting of two dimers formed
by interactions between the a6 and a7 helices, and stabi-
lized by the C341 specificity loop. Each dimer interaction
buries approximately 2500 !A2 (Krissinel and Henrick, 2007).
The AEP core domain of butelase 1 consists of six b-sheets
surrounded by five major a-helices, with several additional
short a-helices and b-sheets in the linker regions
(Figure S2). The C-terminal pro-domain cap, shielding the
active site residues Asn59, His165 and Cys207, consists of
five helices. The substrate-binding site is flanked by two
loops between residues Trp236 to Pro245 and Ile289 to
Ile293. The latter loop forms an extended, flexible a5–b6
loop which varies in length among various AEPs
(Figure S2) and is only modeled in two molecules of the
butelase 1 asymmetric unit due to weak electron density in
the other chains.
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Butelase 1 (Figure 1a) is structurally similar to AEPs
from O. affinis [OaAEP1, Protein Data Bank (PDB) ID
5H0I], the common sunflower Helianthus annuus
(HaAEP1, PDB ID 6AZT) and A. thaliana (AtAEP3, PDB ID
5NIJ) with a root mean square deviation of 1.1 !A, 0.9 !A
and 1.0 !A over 397, 271 and 422 alpha carbon residues of
the most complete chain (B) of butelase 1, respectively
(Hasegawa and Holm, 2009). The butelase 1 core domain
structure has approximate dimensions of 53 !A 9 48
!A 9 40 !A, and within the core domain the active sites of
butelase 1, OaAEP1, HaAEP1 and AtAEP3 show a high
degree of structural similarity (Figure 1b). Moreover, com-
parison between inactive and active forms of AEPs
reveals only subtle differences in catalytic residue orienta-
tions (Figure 3). The catalytic residues in the active site
of butelase 1, Asn59, His165 and Cys207, align closely
with the catalytic residues of OaAEP1 (Asn70, His175 and
Cys217), HaAEP1 (Asn73, His178 and Cys220) and AtAEP3
(Asn72, His177 and Cys219). Furthermore, we chose to

model a succinimide (SNN) residue at position 164 due
to the preponderance of this aspartimide at this position
(N-terminally adjacent to the catalytic His165) in other
AEP crystal structures (Dall et al., 2015; Haywood et al.,
2018; Zauner et al., 2018b), along with an associated
reduction in steric clashes when compared with the mod-
eled alternative Asp164 residue (Figure 4). In particular,
the short distance of 1.9 !A between the OH group of
Tyr162 and an Od from the side chain of Asp164, which
is extended to 2.9 !A with the O5 of SNN, was notable in
guiding our decision to model residue 164 as a SNN.

The substrate-binding sites of butelase 1, on the other
hand, showed differences in sequence and structure com-
pared with the aforementioned published plant AEP crystal
structures (Figure 1c). All four AEPs have a non-polar Leu
residue N-terminal to the start of the a4-helix (Leu258 in
butelase 1, Leu268 in OaAEP1, Leu271 in HaAEP1 and
Leu270 in AtAEP3) and a polar residue at the start of the
C341-loop (Thr238 in butelase 1, Tyr248 in OaAEP1, Thr251
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Figure 1. Crystal structure of butelase 1 compared
with macrocyclization specialist (OaAEP1) and
cleavage-favoring (HaAEP1 and AtAEP3) asparagi-
nyl endopeptidases (AEPs).
(a) Cartoon representation of inactive butelase 1
with core domain and C-terminal cap domain high-
lighted in purple and gray, respectively. The dashed
line represents the region of low electron density in
the linker region between cap and core domains.
(b) The butelase 1 core domain aligned with
OaAEP1, HaAEP1 and AtAEP3 shows high overall
structural conservation among AEPs. Catalytic resi-
dues and residues in the substrate-binding region
that may influence catalytic activity shown as sticks.
(c) Expanded surface and cartoon representations
of the boxed region in (b) showing the predicted
catalytic region and highlighting subtle changes in
residues (shown as sticks) around the substrate-
binding site that probably contribute to differences
in activity. Electron density maps (2Fobs – Fcalc) for
the highlighted residues of butelase 1 are con-
toured at the 1r level.
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in HaAEP1 and Thr250 in AtAEP3). However, on one side
of the entrance to the substrate-binding pocket butelase 1
has a bulky Trp residue and a non-polar Ile residue (Trp236
and Ile289). By contrast, HaAEP1 has a smaller Tyr residue
and a polar Asn residue (Tyr249 and Asn303). OaAEP1 and
AtAEP3 both also have a Trp at the former position
(Trp246 and Trp248, respectively) but differ in the latter
residue, with OaAEP1 exhibiting a polar His residue
(His300) and AtAEP3 a Pro residue (Pro302) that results in
a more rigid loop that is shifted away from the binding
site. On the opposite side of the entrance to the substrate-
binding pocket the cyclization specialist butelase 1 has a
positively charged residue (His244), whereas the other
AEPs possess a negatively charged Glu residue at the
same location. Overall, based on these structural differ-
ences, the substrate-binding region is likely to be responsi-
ble for the differences in macrocyclization efficiencies
among AEPs.

Peptide processing by recombinant butelase 1

To be catalytically active, AEPs are thought to undergo
autocatalytic cleavage at an Asx residue in trans. How-
ever, if the Asx-specific ligase butelase 1 is incapable of
cleavage then it would be unable to self-process. To test
this, purified 6-His butelase 1[21–482] with its N-terminal
pro-region and C-terminal cap domain was dialyzed at pH
4.0 and found to be capable of autocatalytic cleavage
(Figure 2), producing active protein with a mass approxi-
mately corresponding to removal of both the N- and
C-terminal propeptides (about 38 kDa, Figure 2a). This was
consistent with the mass of native butelase 1 purified
from seeds (Nguyen et al., 2014). This mass was further
verified as the active enzyme by incubating the activated
protein with a fluorophore-labelled (BODIPY) activity-
based probe JOPD1, which is specific for AEP activity (Lu
et al., 2015), and then running the mixture on a gel
before imaging it (Figure 2b). The ability to self-mature
and bind JOPD1 demonstrated that recombinant butelase
1 is capable of performing a cleavage reaction. To pro-
vide an opportunity for butelase 1 to perform either a
cleavage reaction or its efficient transpeptidation reaction,
we incubated purified and self-activated recombinant
butelase 1 with an acyclic sunflower trypsin inhibitor
(SFTI) synthetic peptide, the seleno-Cys modified SFTI
(D14N)-GLDN, which can be processed into both cyclic
and acyclic products by other plant AEPs (Bernath-Levin
et al., 2015). As predicted, butelase 1 produced cyclic
SFTI(D14N) (Figure 2c). In addition to the cyclic product,
we also detected a mass of 1626 Da consistent with the
acyclic-SFTI(D14N) product that would arise from cleav-
age only (Figure 2c). No mass corresponding to cyclic
SFTI(D14N) was detected in a no-enzyme control; peaks
corresponding to acyclic product were detected in the
control that suggested there was some spontaneous

cleavage, but these peaks were barely distinguishable
above the background (Figure S5) and have been
observed previously (Bernath-Levin et al., 2015).
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Figure 2. Butelase 1 is capable of performing a cleavage reaction.
(a) Butelase 1 is capable of autoactivation at low pH. Protein was purified at
pH 8.0 and subsequently activated at pH 4.0. The proteins were then dia-
lyzed into activity buffer at pH 5.5 prior to loading onto a SDS-PAGE gel and
performing the activity assay. Proteins were visualized with Coomassie
stain. The cleavage-favoring HaAEP2 was used as a control illustrating an
autoactivation at low pH.
(b) To confirm which of the masses corresponded to the active protein, pro-
tein was incubated with the BODIPY fluorescent probe JOPD1, which is
specific for asparaginyl endopeptidase (AEP) activity and visualized in SDS-
PAGE gel with excitation and emission wavelengths of 532 and 580 nm,
respectively.
(c) Butelase 1 is capable of cleaving a synthetic peptide. Recombinant pro-
tein was incubated with synthetic peptide for 24 h at pH 5.5. Masses consis-
tent with both cyclic SFTI(D14N) and acyclic SFTI (D14N) were produced
following incubation of butelase 1 with the synthetic substrate, consistent
with butelase 1 performing both cyclizing and cleaving reactions. A sodium
adduct of cyclic SFTI(D14N) resulted in a peak envelope (*) containing both
acyclic-SFTI(D14N) and the +22 sodium adduct of cyclic SFTI(D14N).
Evidence that these peaks are the result of a sodium adduct is presented in
Figure S6.
(d) Recombinant HaAEP2 showed only cleavage ability with the same pep-
tide substrate under the same conditions. The 1611-Da mass (†) is !15 Da
from acyclic-SFTI(D14N) so is not cyclic.
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As a further control for protease activity we produced
recombinant HaAEP2, the second most abundant AEP in
sunflower seeds based on the number of RNA sequencing
(RNA-seq) reads that mapped to sunflower AEP transcripts
(Bernath-Levin et al., 2015). Only a partial HaAEP2 sequence
was obtained from RNA-seq, but its full-length sequence
was obtained by sequencing the cDNA clone that was used
to generate an expressed sequence tag found in GenBank
(DY926452.1). The construct for recombinant HaAEP2
encoded 440 residues of HaAEP2 with a 6-His and Gly–Ser
linker in lieu of its ER signal (19 residues) and the predicted
N-terminal propeptide (21 residues) (Figure S1). HaAEP2,
which was purified and activated alongside butelase 1, pro-
cessed the SFTI(D14N)-GLDN substrate exclusively to a
1626-Da mass with no 1608-Da mass for the cyclic product
detectable (Figure 2d). A small amount of a 1611-Da
product was observed, and this is thought to be due to
deamidation of the Asn residue to an acyl group. This mass
has been observed previously in studies using the SFTI
(D14N)-GLDN substrate (Bernath-Levin et al., 2015). This
demonstrated that both butelase 1 and HaAEP2 are capable
of performing cleavage reactions. The mass detected for
the acyclic-SFTI(D14N) had a mass spectrum that indicated
a sodium adduct formed with the cyclic product causing an
additional mass 22 Da larger than the protonated form.
Sodium adducts of cyclic masses have been observed in
previous studies with OaAEP1 (Harris et al., 2015). The
presence of the sodium adduct was verified by desalting
the sample using solid phase extraction and seeing a reduc-
tion, particularly of the 1629-Da peak within the envelope
(Figure S6). The correct mass was also verified by liquid
chromatography–mass spectrometry (LC-MS), which
desalted the sample while separating it (Figure S6).

The sunflower AEP, HaAEP2, was also shown to be cap-
able of self-maturation using the activity-based probe
JOPD1; however, it showed heterogeneity in the size of its
active form when compared with butelase 1 (Figure 2b).

Butelase 1 can partially rescue an aep null mutant plant

To characterize the activity of butelase 1 in vivo, an ORF
for it under the control of a seed-specific promoter was
expressed in an A. thaliana mutant lacking endogenous
AEP activity. For comparison, the ORFs of A. thaliana
AEP2, known be the major seed storage protein processing
AEP in A. thaliana (Shimada et al., 2003), and HaAEP2 from
sunflower were similarly expressed in the aep null line.
The seed storage protein profiles of these various trans-
genic lines were examined by SDS-PAGE and compared
with wild type Col-0 or the untransformed aep null line
(Figure 3). To measure the extent of processing, targeted
proteomics was used to quantify the level of tryptic frag-
ments matching either correctly processed or mispro-
cessed seed storage proteins (Figure 4); these values were
normalized using tryptic fragments that lack AEP

recognition sites, specifically SEED STORAGE ALBUMIN 1
(SESA1, At4g27140), SESA3 (At4g27160) and SESA4
(At4g27170) and the globulin CRUCIFERIN3 (CRU3,
At4g28520). As expected, the AtAEP2 transgene fully res-
cued seed storage protein processing in the aep null back-
ground (Figure 4b). It is important to note that this full
rescue by the OLEOSIN:AtAEP2 transgene demonstrates
that the expression pattern of the OLEOSIN promoter is
suitable and that the AEP gene, being intronless, does not
complicate full and proper rescue by an AEP transgene.
The heterologous expression of the sunflower AEP2,
HaAEP2, similarly fully rescued the phenotype of the aep
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Figure 3. Butelase 1 retains its ability to cleave in vivo.
Expression of butelase 1 can partially rescue seed storage processing in an
aep null background. Total protein examined by SDS-PAGE shows that
expression of AtAEP2 (lane 2), HaAEP2 (lane 3) or butelase 1 (lane 4) under
control of the seed-specific OLEOSIN promoter can fully or partially rescue
the seed protein profile of an A. thaliana aep quadruple null mutant (lane
5). Consistent with complete rescue, lanes 1 (Col 0), 2 and 3 have compara-
ble protein profiles indicating correct and complete processing of seed stor-
age proteins by AtAEP2 and HaAEP2. Contrastingly, lane 4 shows an
intermediate protein profile between wild type Col-0 (lane 1) and the aep
quadruple null mutant (lane 5) indicating only partial rescue of the pheno-
type. Misprocessing events, indicated by asterisks, can be seen in both pro-
tein extracts from aep quadruple null mutant seeds and butelase 1
expressed in aep.
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null line with no discernible differences in the protein pro-
files of the HaAEP2 in aep lines versus the wild type (Fig-
ure 4b). The analysis of transgenic HaAEP2 in aep was
performed twice with comparable results. In transgenic
lines where the ORF for butelase 1 was similarly placed
under control of the OLEOSIN promoter, we observed only
partial rescue (Figures 3 and 4b). Correctly processed a
and b globulins were observed in SDS-PAGE gels; how-
ever, several bands corresponding to misprocessed seed
storage proteins were seen in extracts from seeds of bute-
lase 1 in an aep line that match bands in untransformed
aep null line (Figure 3).

Gel images were consistent with the quantification pro-
vided by targeted proteomics where AtAEP2 and HaAEP2
almost fully rescued all of the seed storage protein pro-
cessing in the aep null line, whereas butelase 1 rescued
70–90% of CRU3 globulin processing and only 30–40% of
albumin processing (Figures 3 and 4, Tables 1 and 2).

DISCUSSION

Several asparaginyl endopeptidases with dual functions,
capable of both endopeptidase and transpeptidase reac-
tions, have now been characterized from plants and ani-
mals (Bernath-Levin et al., 2015; Dall et al., 2015; Harris
et al., 2015). Butelase 1 is one of the few examples of

asparaginyl endopeptidases that favor transpeptidation
over cleavage. The initial study describing butelase 1 activ-
ity against non-native substrates found that butelase 1 had
a seemingly reduced capacity for cleavage activity and so
was purported to have evolved to specialize as a ligase
(Nguyen et al., 2014). Our study demonstrates that bute-
lase 1 can in fact perform both reactions and will perform
a cleavage reaction both in vitro and in vivo. Using pure,
recombinant protein, we demonstrated that butelase 1 was
capable of autoactivation, a process that requires cleavage
activity. Furthermore, we demonstrated that in the pres-
ence of a non-native substrate for macrocyclization, bute-
lase 1 would still perform a cleavage reaction. When
expressed in an A. thaliana line lacking AEP, a butelase 1
transgene could partially recover seed storage processing,
again an action requiring a cleavage function. Butelase 1
recovered processing of globulins, as evidenced by SDS-
PAGE analysis and targeted proteomics of seed extracts;
however, recovery of albumin processing was minimal
with only a partial reduction in the production of mispro-
cessed albumins. Potentially, the endogenous proteases
responsible for misprocessing albumins when AEPs are
absent are more efficient at cleavage than butelase 1.

The crystal structure of the pro-enzyme form of butelase
1 is strikingly similar to those of other AEPs, where an
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MANKLFLVCATLALCFLLTNASIYRTVVEFEEDDASNPVGPRQRCQKEFQQSQHLRACQ
RWMSKQMRQGRGGGPSLDDEFDFEGPQQGYQLLQQCCNELRQEEPVCVCPTLKQAARAV
SLQGQHGPFQSRKIYQSAKYLPNICKIQQVGECPFQTTIPFFPPYY

SESA1
MANKLFLVCAALALCFLLTNASIYRTVVEFEEDDATNPIGPKMRKCRKEFQKEQHLRAC
QQLMLQQARQGRSDEFDFEDDMENPQGQQQEQQLFQQCCNELRQEEPDCVCPTLKQAAK
AVRLQGQHQPMQVRKIYQTAKHLPNVCDIPQVDVCPFNIPSFPSFY

MANKLFLVCAALALCFILTNASVYRTVVEFDEDDASNPIGPIQKCQKEFQQDQHLRACQ
RWMRKQMWQGRGGGPSLDDEFDMEDDIENPQRRQLLQKCCSELRQEEPVCVCPTLRQAA
KAVRFQGQQHQPEQVRKIYQAAKYLPNICKIQQVGVCPFQIPSIPSYY
MVKLSNLLVATFGVLLVLNGCLARQSLGVPPQLQNECNLDNLDVLQATETIKSEAGQIE
YWDHNHPQLRCVGVSVARYVIEQGGLYLPTFFTSPKISYVVQGTGISGRVVPGCAETFM
DSQPMQGQQQGQPWQGRQGQQGQPWEGQGQQGQQGRQGQPWEGQGQQGQQGRQGQQGQP
WEGQGQQGQQGFRDMHQKVEHVRRGDVFANTPGSAHWIYNSGEQPLVIIALLDIANYQN
QLDRNPRVFHLAGNNQQGGFGGSQQQQEQKNLWSGFDAQVIAQALKIDVQLAQQLQNQQ
DSRGNIVRVKGPFQVVRPPLRQPYESEEWRHPRSPQGNGLEETICSMRSHENIDDPARA
DVYKPSLGRVTSVNSYTLPILEYVRLSATRGVLQGNAMVLPKYNMNANEILYCTGGQGR
IQVVNDNGQNVLDQQVQKGQLVVIPQGFAYVVQSHGNKFEWISFKTNENAMISTLAGRT
SLLRALPLEVISNGFQISPEEARKIKFNTLETTLTRAAGRQQQQLIEEIVEA

(a)

Figure 4. Targeted proteomics monitors in vivo activity of several asparaginyl endopeptidases (AEPs) in an aep null mutant.
(a) Sequences of seed storage proteins used for determining misprocessing events in aep mutant plants. ER signal peptides are indicated in bold. The test tryp-
tic fragment with AEP processing site is underlined and the control tryptic fragment lacking an AEP processing site is indicated with a double underline. The
residues recognized by AEP are indicated with black boxes.
(b) Quantification by multiple reaction monitoring of incorrectly processed seed storage albumins (SESA1, SESA3, SESA4) and globulin (CRU3). Two indepen-
dent lines with AtAEP2 and one HaAEP2 line expressed in an aep null background and three independent replicates for butelase 1 expressed in an aep null back-
ground are shown. Quantities are given as ratios of AEP-processed fragment to control tryptic fragment and are normalized against aep null which is
representative of no correct AEP processing events (nd, not detected). Proteomic quantitation of rescue in the HaAEP2 line was performed in addition to and
independently of the data presented in this figure (Tables 1 and 2).
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unstructured linker region between the core domain and
the cap could provide the flexibility required for self-clea-
vage of the cap domain upon activation. Furthermore, the
crystal structure lends further support for the cap domain
forming a dimer interaction surface, as suggested previ-
ously (Yang et al., 2017; Zauner et al., 2018a). Notably, we
have chosen to model a SNN residue adjacent to the cat-
alytic Cys despite the crystal structure being the pro-form
of butelase 1. The electron density at residue 164 is not
conclusively illustrative of a SNN residue, and quite con-
ceivably the crystal structure could contain a mixture of
SNN/Asp at this location. However, we chose to model a
SNN residue as this residue is more congruous with the
electron density and results in reduced steric clashes. In
light of this, our own investigation of the electron density
from higher-resolution AEP crystal structures 4NOK and
5H0I from inactive mouse and inactive O. affinis (Zhao
et al., 2014; Yang et al., 2017) indicated that a SNN residue

might also be present in these pro-AEP forms (Figure S4).
Previous observations of SNN residues in the active sites
of AEP molecules were made on activated forms of the
enzyme which had been subjected to a low-pH environ-
ment to induce activation. These observations of what
appear to be SNN residues in inactive forms of AEP puri-
fied at neutral pHs suggest that low-pH activation of AEP is
not required to form a SNN residue in their active sites.

Recent structural studies of AEPs have identified subtle
amino acid changes around the active site and substrate-
binding domain that could influence their ability to
perform a transpeptidation reaction (Yang et al., 2017;
Haywood et al., 2018). The crystal structure of butelase 1
shows that residues surrounding the catalytic His are con-
served in AEPs (Figure 1c). The substrate-binding domain
shows less conservation between the cyclizing specialists.
In the absence of differences between active sites, it is
likely that differences in the substrate-binding pockets are

Table 1 Multiple reaction monitoring transitions used to quantify SEED STORAGE ALBUMIN (SESA) misprocessing shown in Table 2. This
analysis was performed independently of the data presented in Figure 4. Multiple reaction monitoring properties include the precursor ion
m/z , [M + 2H]2+, selected in the first quadrupole (Q1), the fragment ion m/z, [M + H]+selected in the third quadrupole (Q3), the dwell time
(DT) for each multiple reaction monitoring transition (ms) and the voltage (V) of collision energy (CE). In the test fragments the underlined
N (Asn) indicates the in vivo cleavage point for asparaginyl endopeptidase

Target protein Peptide sequence of fragment Sequence ion and charge Q1 Q3 DT CE

LSU control Peptide fragments
SESA1 QEEPDCVCPTLK y7+ 738.3 878.4 50 41.9
SESA3 QEEPVCVCPTLK y7+ 730.3 878.4 50 41.5
SESA4 QEEPVCVCPTLR y9+ 744.3 1101.6 50 42.2
Test peptide Fragments
SSU N-terminal Cleavage site
SESA1 FEEDDATNPIGK y10+ 668.3 1159.5 50 40.8
SESA3 FEEDDASNPVGPR y7+ 716.8 726.4 50 40.8
SESA4 FDEDDASNPIGPIQK y9+ 823.4 953.5 50 46.2
LSU N-terminal Cleavage site/s
SESA4 GGGPSLDDEFDMEDDIENPQR y7+ 1168.5 871.4 50 44.2

LSU, large subunit. SSU, small subunit.

Table 2 Quantification of SEED STORAGE ALBUMIN (SESA) tryptic fragments by multiple reaction monitoring. This analysis was performed
independently of the data presented in Figure 4. The absence of the test SESA fragments in the wild type (WT) and OLEOSIN:HaAEP2 in
aep is indicated by a (!). In the test fragments the underlined N (Asn) indicates the in vivo cleavage point for asparaginyl endopeptidase

Target protein Peptide sequence of fragment Sequence ion and charge aep WT HaAEP2 in aep

LSU Control Peptide fragments Peak area (counts)
SESA1 QEEPDCVCPTLK y7+ 9.70 9 105 1.97 9 105 7.52 9 105

SESA3 QEEPVCVCPTLK y7+ 1.87 9 107 1.13 9 105 2.06 9 106

SESA4 QEEPVCVCPTLR y9+ 3.69 9 107 5.6 9 105 1.99 9 106

Test peptide Fragments
SSU N-terminal Cleavage site Peak area (counts)
SESA1 FEEDDATNPIGK y10+ 3.28 9 107 - -
SESA3 FEEDDASNPVGPR y7+ 3.45 9 107 - -
SESA4 FDEDDASNPIGPIQK y9+ 3.50 9 106 - -
LSU N-terminal Cleavage site/s Peak area (counts)
SESA4 GGGPSLDDEFDMEDDIENPQR y7+ 3.92 9 106 - -

LSU, large subunit. SSU, small subunit.
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what define the substrate specificity and catalytic efficiency
of AEPs, as has been suggested for the improved ligation
efficiency of butelase 1 compared with OaAEP1 (Yang
et al., 2017). In comparison with previously published crys-
tal structures, butelase 1 exhibits an extended, flexible a5–
b6 loop that might become more rigid upon substrate
binding and play a role in guiding the N-terminus of a sub-
strate for attack and resolution of a thioacyl intermediate,
resulting in peptide cyclization as recently suggested for A.
thaliana AEP3 (Zauner et al., 2018b). This loop has also
recently been highlighted as a ‘marker of ligase activity’
with an extended loop proposed to be absent in ligases,
and although butelase 1 does not exhibit such a deletion it
was shown to display a more hydrophobic loop than its
cleavage-favoring counterpart butelase 2 (Jackson et al.,
2018). Moreover, using molecular dynamics simulations
Zauner et al. have further substantiated the possible role
of a hydrophobic pocket around a conserved Gly residue
adjacent to the catalytic His (Gly172 in butelase 1) (Zauner
et al., 2018b). This region is suspected to play a role in
cyclization through the binding of the C-terminal tail of
peptide substrates, which is postulated to protect thioacyl
intermediates from hydrolysis (Haywood et al., 2018; Zau-
ner et al., 2018b). Further research into these regions with
recombinant proteins might discern the subtle amino acid
differences that dictate cyclization efficiency and substrate
selectivity.

Changes to residues around the substrate-binding
domain are consistent with results from directed evolution
studies of proteins aimed at generating promiscuous func-
tions, which show that mutations leading to novel activity
commonly do not affect the protein scaffold or the catalytic
residues (Aharoni et al., 2005; Khersonsky et al., 2006). As
a result, trade-offs between the new activity and the native
activity are minimized (Aharoni et al., 2005). This appears
to be the case for dual-function AEPs which do not show
any differences in their catalytic residues. Numerous
laboratory directed evolution studies have shown that
mutations leading to significant improvements in a
promiscuous enzyme activity can occur with little effect on
the native activity (Aharoni et al., 2005; Khersonsky et al.,
2006). However, here we have shown that specializing
towards macrocyclizing activity has resulted in a reduction
in cleavage activity for butelase 1 in vivo, as evidenced by
failure to fully recover seed storage processing in the
A. thaliana aep null mutant.

Evolutionary theory suggests that pre-existing promiscu-
ous enzyme activity is a prerequisite for specialization of
novel enzymes following gene duplication, and many
examples of naturally existing enzymes with promiscuous
function exist (Jensen, 1976; Jacob, 1977; Hughes, 1994;
Copley, 2014). As we have recently shown, AEPs have an
inherent ability to perform ligation under optimal condi-
tions (Haywood et al., 2018). Furthermore, when the SFTI-1

precursor is expressed in wild-type A. thaliana, a plant
lacking cyclic peptides, cyclic SFTI-1 is detectable (Mylne
et al., 2011). Therefore, given the high sequence identity of
butelase 1 and butelase 2, it is likely that their progenitor
sequence possessed both activities.

Although enzymes can possess dual functions, single-
function enzymes are more common to allow for fine-
tuning of dosage control and, in cases where there is a
negative trade-off for dual functionality, to allow for spe-
cialization (Khersonsky et al., 2006). In most cases, gene
duplication alleviates the issue of functional constraint
as one copy is able to retain the original function and
each copy can be regulated independently. This is
almost certainly the case for butelase 1 as there is a
clear negative trade-off in specializing as a ligase, as
evidenced by only partial rescue of seed storage pro-
cessing. However, due to the requirement for autocataly-
sis, cleavage ability might be an evolutionary constraint.
By maintaining its cleavage ability, butelase 1 can be
matured independently from butelase 2. Thus, although
gene duplication might have allowed for specialization
of butelase 1 into a transpeptidase and butelase 2 to
remain an endopeptidase, cleavage activity by butelase
1 might remain so that it can be independently
expressed and matured.

Alternatively, there might not be sufficient selection
pressure for butelase 1 to completely lose its cleavage
function. As observed in directed evolution experiments,
without an appropriate selection pressure, complete
removal of the original function is difficult to achieve
(Tokuriki et al., 2012; Kaltenbach and Tokuriki, 2014). In
these cases, mutations leading to reductions of the
original activity, followed by optimization of the new
activity, corresponded to only weak improvements in the
new activity. In nature, the selection pressure for
removal of the original activity might not exist once the
new activity has been optimized, which is potentially the
case for the maintenance of the cleavage activity of
butelase 1.

In conclusion, this study has demonstrated that butelase
1 has not fully specialized into a cyclizing enzyme. The
structural differences between butelase 1 and other AEPs
with weak ligation ability suggest that plant AEPs are
promiscuous ligases that can readily evolve a macrocy-
clization capability. This study demonstrated successful
purification of recombinant butelase 1, whose efficiency
makes it useful for the synthetic production of cyclic pep-
tides. Recombinant butelase 1 will expedite future studies
as it is now possible to eschew laborious purification of
native enzyme from C. ternatea seeds (Nguyen et al., 2014,
2015, 2016b).

Mutagenesis of butelase 1 might enhance its ability to
perform macrocyclization reactions and would provide
important insights into its evolution.
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EXPERIMENTAL PROCEDURES

Recombinant butelase 1 and HaAEP2

A synthetic DNA sequence encoding butelase 1 (Uniprot
A0A060D9Z7), including an N-terminal 6-His tag in lieu of its ER
signal, was designed with codon optimization for E. coli (Gen-
eArt) and cloned into pQE30 (Qiagen, http://www.qiagen.com/).
Similarly, a synthetic DNA sequence encoding HaAEP2 was
designed with codon optimization for E. coli; however the
sequence included an N-terminal 6-His tag in lieu of its ER sig-
nal, as well as the predicted N-terminal propeptide. The pQE30-
HaAEP2 construct was transformed into the T7 SHuffle Express
strain of E. coli (New England Biolabs, http://www.neb.com/) for
protein production. The construct encoding butelase 1 was co-
transformed into the same E. coli strain with the suppressor
plasmid pREP4 (Qiagen) for protein production. Proteins were
expressed and purified as previously described (Haywood et al.,
2018). The proteins were activated by dialysis in activation buf-
fer (20 mM sodium acetate pH 4.0, 5 mM dithiothreitol, 100 mM

sodium chloride, 1 mM ethylenediaminetetraacetic acid) for 3 h
at room temperature (21!C). Following activation, proteins were
dialyzed into activity buffer [0.5 mM dithiothreitol, 100 mM

sodium chloride, 1 mM ethylenediaminetetraacetic acid, 20 mM 2-
(N-morpholino)ethanesulfonic acid pH 5.5] for 3 h at room tem-
perature. All proteins were used in assays immediately following
dialysis into activity buffer.

Butelase 1 crystallization and X-ray data collection

Butelase 1 was purified by size-exclusion chromatography (HiLoad
16/600 Superdex 200) in 50 mM Tris (pH 8.0), 50 mM sodium chlo-
ride and concentrated to 10–15 mg ml!1. Crystal screening was
performed using the sitting-drop vapor-diffusion method with
80 ll of reservoir solution in 96-well Intelli-Plates at 20°C. Crystals
of butelase 1 were obtained in 10% PEG 8000, 0.2 M sodium chlo-
ride and 0.1 M HEPES (pH 7.5). Single crystals were soaked in
mother liquor supplemented with 20% glycerol as a cryoprotec-
tant prior to being flash-frozen and stored in liquid nitrogen. Data
collection was performed at 100 K on the Australian MX1 beam-
line using a wavelength of 0.9537 !A and diffraction data for crys-
tals were collected to a resolution of 3.1 !A (McPhillips et al., 2002).

Structure determination and refinement

Diffraction data were processed using XDS and scaled with AIM-
LESS from the CCP4 program suite (Kabsch, 2010; Winn et al.,
2011) in space group P212121 with unit cell dimensions
a = 71.36, b = 147.69, c = 183.33. A sequence alignment of bute-
lase 1 and OaAEP1 was generated using ClustalO and used to
create a search model of butelase 1 based on the last common
atom of OaAEP1 using CHAINSAW. The structure of butelase 1
was solved by molecular replacement with PHASER using 5H0I
as a search model. Manual building and refinement was per-
formed in iterative cycles with Coot and REFMAC5 using the
CCP4 program suite. Refinement was performed using jelly-body
refinement with sigma 0.02 and non-crystallographic symmetry
constraints applied globally. Structural analysis and validation
were carried out with Coot and MolProbity (Emsley and Cowtan,
2004; Chen et al., 2010). Crystallographic data and refinement
statistics are summarized in Table 3 with Ramachandran plot
values calculated from Coot. Coordinates and structure factors
were deposited into the PDB under accession code 6DHI. Figures
illustrating the structures were generated using PyMol (Pei et al.,
2008; Schr"odinger, 2010).

BODIPY imaging of butelase 1 and HaAEP2

For activity probe analysis 50 ll of AEP at 10 lg ml!1 was incu-
bated with 0.5 ll of the BODIPY probe JOPD1 at 100 lM (Lu et al.,
2015) at room temperature overnight and protected from light.
The labeling reaction was stopped by the addition of 10 ll of 69
SDS-PAGE loading buffer [62.5 mM Tris-HCl pH 6.8, 2.5% SDS,
0.002% bromophenol blue, 0.7135 M (5%) b-mercaptoethanol, 10%
glycerol]. Proteins were separated using 4–12% Bis-Tris SDS-
PAGE gels as previously described (Lu et al., 2015; Haywood
et al., 2018). Labelled proteins were visualized in gel with excita-
tion and emission wavelengths of 532 and 580 nm, respectively,
using a Typhoon 9500 (GE Healthcare, http://www.gehealthcare.
com/).

Cleavage and macrocyclization by recombinant AEPs

Both cleavage and macrocyclization activities were determined by
incubation of purified recombinant protein with a synthetic pep-
tide, seleno-Cys SFTI(D14N)-GLDN. Activated recombinant AEPs
at a concentration of 1 mg ml!1 were incubated with 0.25 mM

SFTI(D14N)-GLDN possessing a diselenide bond and 25 lM native
(with a disulfide bond) SFTI-1 as an internal standard in activity
buffer. Reactions were carried out at 37°C for 24 h. Synthetic pep-
tides were incubated in the absence of enzyme as a negative con-
trol. Most AEPs, along with butelase 1, have shown a preference
for Asn, hence the use of the SFTI(D14N)-GLDN peptide which
possesses an Asn residue in place of the native Asp residue
(Nguyen et al., 2014; Bernath-Levin et al., 2015). Products were
determined by analysis with an UltraFlex III matrix-assisted laser
desorption/time-of-flight/time-of-flight (MALDI/TOF/TOF) mass

Table 3 Summary of crystallographic data and refinement statis-
tics. Values in parentheses are for the shell with the highest
resolution

Data collection

Space group P212121
Unit cell dimensions

a, b, c (!A) 71.36, 147.69, 183.33
Wavelength 0.9537
Rmerge (%) 23.7 (133.6)
I/rI 8.2 (1.6)
Completeness (%) 100 (100)
Redundancy 6.8 (7.0)
CC1/2 0.991 (0.648)

Refinement
Resolution (!A) 49.42–3.10
No. of reflections 34 123
Rwork/Rfree 0.255/0.297
No. of atoms 13 188
Protein 13 162
Water 26
Average Wilson B (%) 68.8

r.m.s deviation
Bond length (!A) 0.01
Bond angle (°) 1.418

Ramachandran analysis
Favored (%) 93.8
Allowed (%) 6.0
Outliers (%) 0.2
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spectrometer (Bruker Daltonics, http://www.bruker.com/) as
described by Bernath-Levin et al. (2015).

The presence of a sodium adduct in an unexpectedly wide peak
envelope of the acyclic-SFTI(D14N) in the MALDI/TOF/TOF spectra
was verified by LC-MS by comparison with the HaAEP2 acyclic
product. Reactions were dried and resuspended in 5% acetonitrile,
0.1% trifluoroacetic acid and then analyzed using a method
described previously (Fisher et al., 2018). Briefly, 2 ll of each
sample was injected onto an EASY spray C18 column
(75 lm 9 150 mm, 3 lm particle size, 10 nm pores; Thermo
Scientific, http://www.thermofisher.com/) using a Dionex UltiMate
3000 Nano UHPLC system (Thermo Scientific). A 40-min gradient
elution was run from 5% acetonitrile to 95% acetonitrile in water
with 0.1% formic acid. The UHPLC system was coupled to an
Orbitrap Fusion mass spectrometer (Thermo Scientific) for ion
detection following electrospray ionization. To further verify
the unexpected product, the reaction was desalted using a C18
column and the sample was reanalyzed by MALDI-MS.

Seed-specific expression of butelase 1, HaAEP2 and

AtAEP2 in an A. thaliana line lacking AEP

vThe completeHaAEP2ORFwas amplified by PCR from a sunflower
cDNA template using a forward primer JM603 containing an
upstream ClaI site (50-tta tcg atA TG AAT CGC CAC CTG CTT ATT
CTG-30) and, downstream, a reverse primer JM604 containing a SacI
site (50-atg agc tcG CTG ATT ATA GCA TTA CAT ACA G-30). AtAEP2
was similarly cloned from A. thaliana Columbia (Col-0) cDNA with
primers containing the ClaI-compatible NarI site upstream and the
same SacI restriction enzyme recognition sequence downstream:
JM384 (50-aag gcg ccA TGG CTA AGT CTT GCT ATT TCA GAC C-30)
forward; JM385 (50-aag agc tcA AAA AGT TAG ACG ACC TTA TTG
CTA C-30) reverse. AtAEP2 encodes the AEP primarily responsible
for seed storage processing in A. thaliana (Shimada et al., 2003;
Gruis et al., 2004). A synthetic sequence for butelase 1 with one
silent change (T1071A) to prevent an internal SacI site was designed
with a ClaI site to the 5’ end and a SacI site to the 3’ end of the
sequence. The synthetic butelase 1 sequence and those for HaAEP2
and AtAEP2 were digested with ClaI and SacI. The OLEOSIN pro-
moter had been cloned previously from Columbia (Col-0) genomic
DNA and was digested with XhoI and ClaI (Mylne et al., 2011). The
CaMV35S promoter was removed from pAOV (Mylne and Botella,
1998) by digestion with XhoI and SacI. Each AEP sequence, the
OLEOSIN promoter and pAOV were triple ligated as described in
Mylne et al. (2011), to generate XhoI-OLEOSIN-ClaI-AEP-SacI-nos
3’-EcoRI in the pSLJ755I5 binary vector backbone which contains
the bar gene conferring resistance to glufosinate ammonium herbi-
cide. The binary construct was tri-parentally mated into Agrobac-
terium tumefaciens strain LBA4404 and used to transform an aep

null line essentially as described by Bechtold et al. (1993). The aep
null line contains mutations in all four AEP genes, the alleles being
a-1 b-3 c-1 d-1 (Kuroyanagi et al., 2005). Seeds from transformed
plants (T0/T1) were sown on soil and sprayed twice with Basta" her-
bicide at a concentration of 400 mg L!1 glufosinate ammonium;
once after germination, when the cotyledons had expanded, and
then again 3 days later. The T2 generation of seeds was collected
and sterilized by chlorine gas then sown on MS agar plates contain-
ing 80 mg L!1 glufosinate ammonium. Seeds that showed a 3:1
segregation typical of a single insertion event were collected and
sown on soil. Following germination, homozygous plants were
selected with several sprays of herbicide. Seeds that showed 100%
herbicide resistance were considered homozygous for a single
insertion. Seeds fromhomozygous plants were used for subsequent
analyses. Three independent replicates, representing independent
transformation events, for plants expressing butelase 1 in an aep
null background and two independent replicates for plants express-
ingAtAEP2 in an aep null background were analyzed. A single trans-
genic linewas analyzed for HaAEP2 in an aep null background.

Butelase1 maturation of seed storage proteins

Seed storage processing has been shown to be disrupted in the
aep null background (Gruis et al., 2004). We tested the ability of
butelase1, AtAEP2 and HaAEP2 to recover seed storage process-
ing by expressing their encoding genes under the control of the
seed-specific promoter OLEOSIN in an aep null background. Activ-
ity levels were compared with wild type Col-0 and aep null Col-0.
Approximately 50 mg of seeds were ground in liquid nitrogen
with a micro-pestle. To extract protein from seeds, 150 ll of
extraction buffer [125 mM Tris-HCl pH 7.0, 7% sodium dodecyl sul-
fate, 15 mM dithiothreitol, Roche cOmpleteTM protease inhibitor
(one tablet/50 ml), 0.5% (w/v) polyvinylpyrrolidone-40] was added
to ground tissue and samples were incubated on ice for 20 min
on a rocking platform. Soluble protein was separated by centrifug-
ing samples at 10 000g for 5 min at 4°C. To precipitate the protein
the following steps were taken: to 25 ll of the supernatant (sol-
uble protein fraction), 0.1 ml of chilled methanol was added and
the samples were vortexed; then, 25 ll of chilled chloroform was
added followed again by vortexing; finally, 75 ll of chilled water
was added and the samples were vortexed. Centrifugation at
14 000g for 10 min at 4°C moved all precipitated protein to the
interphase and the aqueous supernatant was discarded. Chilled
methanol (0.1 ml) was added and dissolved in the remaining sol-
vent phase, but left the protein interphase as insoluble. To pellet
the protein, the sample was mixed by vortexing and centrifuged
at 14 000g for 10 min at 4°C. The supernatant was discarded and
the protein pellet was washed three times with chilled acetone.
Following removal of the acetone, the pellet was resuspended in

Table 4 Multiple reaction monitoring transitions used to quantify seed storage protein misprocessing shown in Figure 4(b)

Protein Peptide sequence Precursor m/z Charge Product m/z Charge Fragment Ion

Test peptide Fragments
SESA1 FEEDDATNPIGPK 716.8 2 726.4 1 y7

+

SESA3 FEEDDASNPVGPR 716.8 2 525.3 1 y5
+

SESA4 FDEDDASNPIGPIQK 823.4 2 752.5 1 y7
+

CRU3 SPQGNGLEETICSMR 560.3 3 553.2 1 y4
+

Control peptide Fragments
SESA1 QEEPDCVCPTLK 738.3 2 458.3 1 y4

+

SESA3 QEEPVCVCPTLK 730.4 2 877.4 1 y7
+

SESA4 QEEPVCVCPTLR 744.4 2 486.3 1 y4
+

CRU3 VFHLAGNNQQGGFGGSQQQQEQK 829.7 3 660.3 1 y5
+
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resuspension buffer (7 M urea, 2 M thiourea, 50 mM ammonium
bicarbonate, and 10 mM dithiothreitol). Protein was quantified with
Bradford reagent and samples were run on an SDS-PAGE gel.
For multiple reaction monitoring, samples were alkylated and
digested with trypsin as follows: samples were incubated for
30 min at 60°C in a 50% volume of 100 mM ammonium bicarbonate,
10 mM dithiothreitol. Iodoacetamide was added to a final concentra-
tion of 25 mM and the reactions were incubated at room tempera-
ture in the dark for 1 h. Trypsin was added to the protein samples in
a mass ratio of 1:25 and samples were incubated overnight at 37°C.
The reaction was stopped with the addition of formic acid to a final
concentration of 1% (v/v). Samples were purified by solid phase
extraction on StrataTM-X 33 lm polymeric reversed phase columns.
The columns were conditioned with acetonitrile and equilibrated
with 5% (v/v) acetonitrile, 0.1% (v/v) formic acid. After loading the
columns with the sample, the column was washed once with 1 ml
5% (v/v) acetonitrile, 0.1% (v/v) formic acid and once with 1 ml 10%
(v/v) acetonitrile, 0.1% (v/v) formic acid. The sample was eluted in
0.5 ml of 85% (v/v) acetonitrile, 0.1% (v/v) formic acid. The eluate
was dried under vacuum and resuspended in 5% (v/v) acetonitrile,
0.1% (v/v) formic acid to a final concentration of about 1 lg ll!1 for
multiple reaction monitoring. Using an Agilent 1290 Infinity II LC
system (http://www.agilent.com/), 10 ll of each sample was loaded
onto an Agilent AdvanceBio Peptide Map column (2.1 9 250 mm,
2.7-lmparticle size, part no. 651750-902), which was heated to 60°C.
Peptides were eluted over a 15-min gradient [0–15 min 3% (v/v) ace-
tonitrile, 0.1% (v/v) formic acid to 45% (v/v) acetonitrile, 0.1% (v/v)
formic acid; 15–15.5 min 45% (v/v) acetonitrile, 0.1% (v/v]) formic
acid to 100% (v/v) acetonitrile, 0.1% (v/v) formic acid; 15.5–16 min
100% (v/v) acetonitrile, 0.1% (v/v) formic acid to 3% (v/v) acetonitrile,
0.1% (v/v) formic acid; 16–30 min 3% (v/v) acetonitrile, 0.1% (v/v) for-
mic acid] directly into the Agilent 6495 Triple Quadrupole MS for
detection. Transitions used for multiple reaction monitoring are
given in Table 4.

The following method was used for independent proteomic
analysis of seed extracts of A. thaliana transgenic lines expressing
HaAEP2 in an aep null background compared with wild-type and
aep null seed extracts. Three A. thaliana albumins, SESA1, SESA3
and SESA4, were targeted. Trypsin-digested protein extracts were
analyzed via targeted proteomics. The LC-MS/MS data were col-
lected on an AB SCIEX Triple TOF 5600 nanospray coupled to a
Shimadzu LC system and the resulting mass spectra were ana-
lyzed qualitatively by querying SESA sequences using AB SCIEX
Proteinpilot Software 4.0.8085 to identify the individual tryptic
fragments. Multiple reaction monitoring was used for quantifica-
tion of the identified SESA tryptic fragments on the Applied
Biosystems 4000 QTRAP nanospray mass spectrometer. Transi-
tions used for multiple reaction monitoring are given in Table 1.
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ƌĞƐŝĚƵĞƐ� ƐŚŽǁŶ� ǁŝƚŚ� ƌĞĚ� ƚĞǆƚ͘� �ŽŶƐĞƌǀĞĚ� ƐĞĐŽŶĚĂƌǇ� ƐƚƌƵĐƚƵƌĞ� ɴͲƐŚĞĞƚƐ� ĂŶĚ� ɲͲŚĞůŝĐĞƐ� ƐŚŽǁŶ�
ĂďŽǀĞ�ƐĞƋƵĞŶĐĞƐ�ǁŝƚŚ�ŐƌĞĞŶ�ĂƌƌŽǁƐ�ĂŶĚ�ŐƌĞĞŶ�ŚĞůŝĐĞƐ͕�ƌĞƐƉĞĐƚŝǀĞůǇ͕�ĂŶĚ�ǁŝƚŚ�ŵĂũŽƌ�ɴͲƐŚĞĞƚƐ�ĂŶĚ�
ɲͲŚĞůŝĐĞƐ� ůĂďĞůůĞĚ͘� �ĂƚĂůǇƚŝĐ� ƚƌŝĂĚ� ƌĞƐŝĚƵĞƐ� ŚŝŐŚůŝŐŚƚĞĚ� ǁŝƚŚ� ďůƵĞ� ƐƚĂƌƐ͘� �ϯϰϭͲůŽŽƉ� ƌĞŐŝŽŶ�
ŚŝŐŚůŝŐŚƚĞĚ�ǁŝƚŚ�ďůĂĐŬ�ďĂƌ�ĂďŽǀĞ�ƐĞƋƵĞŶĐĞ͘�ZĞŐŝŽŶƐ�ŽĨ�ĂŵŝŶŽ�ĂĐŝĚ�ĚŝǀĞƌƐŝƚǇ�ŝŶ�ƐƵďƐƚƌĂƚĞ�ďŝŶĚŝŶŐ�
ƐŝƚĞ�ŚŝŐŚůŝŐŚƚĞĚ�ǁŝƚŚ�ŽƌĂŶŐĞ�ďĂƌ�ĂďŽǀĞ�ƐĞƋƵĞŶĐĞ�;WĞŝ�Ğƚ�Ăů͕͘�ϮϬϬϴͿ͘�
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^ƵƉƉůĞŵĞŶƚĂů�&ŝŐƵƌĞ�ϯ͗��ŽŵƉĂƌŝƐŽŶ�ŽĨ�ĂǀĂŝůĂďůĞ�ĐƌǇƐƚĂů�ƐƚƌƵĐƚƵƌĞƐ�ŽĨ�ĂĐƚŝǀĞ�ĂŶĚ�ŝŶĂĐƚŝǀĞ�ĨŽƌŵƐ�ŽĨ�
��WƐ�ĐĂƚĂůǇƚŝĐ�ĐŽƌĞ�ĚŽŵĂŝŶ͘��ĂƌƚŽŽŶ�ƌĞƉƌĞƐĞŶƚĂƚŝŽŶ�ŽĨ�ĐŽƌĞ�ĚŽŵĂŝŶƐ�ǁŝƚŚ�ƌĞƐŝĚƵĞƐ�ƚŚŽƵŐŚƚ�ƚŽ�
ƉůĂǇ�Ă�ƌŽůĞ� ŝŶ�ĐĂƚĂůǇƚŝĐ�ĂĐƚŝǀŝƚǇ�ƐŚŽǁŶ�ĂƐ�ƐƚŝĐŬƐ͘�;�Ϳ��͘�ƚŚĂůŝĂŶĂ���Wϯ͕�ĂĐƚŝǀĞ�ǇĞůůŽǁ�ǁŝƚŚ�ďŽƵŶĚ�
ĐŚůŽƌŽŵĞƚŚǇůŬĞƚŽŶĞ�ŝŶŚŝďŝƚŽƌ�ƐŚŽǁŶ�ĂƐ�ŽƌĂŶŐĞ�ƐƚŝĐŬƐ�;W��͗�ϱK�dͿ͕�ŝŶĂĐƚŝǀĞ�ŐƌĂǇ�;W��͗�ϱE/:Ϳ͘�;�Ϳ�
,ƵŵĂŶ���W͕�ĂĐƚŝǀĞ�ƉŝŶŬ�ǁŝƚŚ�ďŽƵŶĚ�ĐŚůŽƌŽŵĞƚŚǇůŬĞƚŽŶĞ�ŝŶŚŝďŝƚŽƌ�ƐŚŽǁŶ�ĂƐ�ŽƌĂŶŐĞ�ƐƚŝĐŬƐ�;W��͗�
ϰ�t�Ϳ͕�ŝŶĂĐƚŝǀĞ�ŐƌĂǇ�;W��͗�ϰ&'hͿ͘�;�Ϳ�DŽƵƐĞ���W͕�ĂĐƚŝǀĞ�ďƌŽǁŶ�;W��͗�ϰEK:Ϳ͕�ŝŶĂĐƚŝǀĞ�ŐƌĂǇ�;W��͗�
ϰEK<Ϳ͘�

� �

140



�

^ƵƉƉůĞŵĞŶƚĂů�&ŝŐƵƌĞ�ϰ͗��ƐƉ�ƌĞƐŝĚƵĞƐ�ŵŽĚĞůůĞĚ�ĂƐ�^EE͘�;�Ϳ��ŽŵƉĂƌŝƐŽŶ�ŽĨ�ĂůƚĞƌŶĂƚŝǀĞ�ŵŽĚĞůƐ�ĨŽƌ�
ďƵƚĞůĂƐĞ�ϭ�ƌĞƐŝĚƵĞ�ϭϲϰ͘��ƐƉϭϲϰ�ǁĂƐ�ĐŚŽƐĞŶ�ƚŽ�ďĞ�ŵŽĚĞůůĞĚ�ĂƐ�Ă�ƐƵĐĐŝŶŝŵŝĚĞ�ƌĞƐŝĚƵĞ�;^EEͿ�ŝŶ�Ăůů�
ĨŽƵƌ�ĐŚĂŝŶƐ�ŽĨ�ƚŚĞ�ďƵƚĞůĂƐĞ�ϭ�W���ĂƐ�ƚŚĞ�ŵŽĚĞůůĞĚ�^EE�ƌĞƐŝĚƵĞ�ǁĂƐ�ŵŽƌĞ�ĐŽŶŐƌƵŽƵƐ�ǁŝƚŚ�ƚŚĞ�
ĞůĞĐƚƌŽŶ�ĚĞŶƐŝƚǇ�ĂŶĚ�ƐŚŽǁĞĚ�ƌĞĚƵĐĞĚ�ƐƚĞƌŝĐ�ĐůĂƐŚĞƐ�ǁŚĞŶ�ĐŽŵƉĂƌĞĚ�ǁŝƚŚ�ƚŚĞ�ŵŽĚĞůůĞĚ��ƐƉϭϲϰ�
ƌĞƐŝĚƵĞ͘��ůĞĐƚƌŽŶ�ĚĞŶƐŝƚǇ�ŵĂƉƐ�;Ϯ�&ŽďƐ�ʹ�&ĐĂůĐͿ�ĐŽŶƚŽƵƌĞĚ�Ăƚ�ϭ�ʍ�ůĞǀĞů͘��ŽŶƚĂĐƚƐ�ƚŽ�ƚŚĞ�ƐŝĚĞ�ĐŚĂŝŶ�ŽĨ�
ƌĞƐŝĚƵĞ�ϭϲϰ�ŽĨ�ч�ϯ͘ϱ���ĂŶĚ�ч�Ϯ͘Ϭ���ŝůůƵƐƚƌĂƚĞĚ�ǁŝƚŚ�ǇĞůůŽǁ�ĂŶĚ�ŐƌĞĞŶ�ĚĂƐŚĞĚ�ůŝŶĞƐ͕�ƌĞƐƉĞĐƚŝǀĞůǇ͘�
�ůƐŽ�ƐŚŽǁŶ�ĂƌĞ�ĞǆĂŵŝŶĂƚŝŽŶƐ�ŽĨ�ĞůĞĐƚƌŽŶ�ĚĞŶƐŝƚǇ�ĨŽƌ�ƚŚĞ�ĞƋƵŝǀĂůĞŶƚ��ƐƉ�ƌĞƐŝĚƵĞ�;ůĞĨƚ�ŝŵĂŐĞͿ�ŝŶ�
ŚŝŐŚĞƌ�ƌĞƐŽůƵƚŝŽŶ�ƐƚƌƵĐƚƵƌĞƐ�ĨŽƌ�ŝŶĂĐƚŝǀĞ���WƐ�ĨƌŽŵ�;�Ϳ�ŵŽƵƐĞ�;W��͗ϰEK<Ϳ�ĂŶĚ�;�Ϳ�K͘�ĂĨĨŝŶŝƐ�;W��͗�
ϱ,Ϭ/Ϳ� ǁŝƚŚ� ĂĚĚŝƚŝŽŶĂů� Žŵŝƚ�ŵĂƉƐ� ;&ŽďƐ� ʹ� &ĐĂůĐͿ� ĐŽŶƚŽƵƌĞĚ� Ăƚ� ϯ� ʍ� ůĞǀĞů� ;ŐƌĞĞŶͿ͘�DŽĚĞůƐ� ŽĨ� ^EE�
ƌĞƐŝĚƵĞƐ�ĂƌĞ�ƉƌĞƐĞŶƚĞĚ�ŝŶ�ƚŚĞ�ŝŵĂŐĞƐ�ŽŶ�ƚŚĞ�ƌŝŐŚƚ͘�
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^ƵƉƉůĞŵĞŶƚĂů�&ŝŐƵƌĞ�ϱ͗D�>�/ͬdK&�ƐƉĞĐƚƌĂ ŽĨ�ƉƌŽĐĞƐƐŝŶŐ�ŽĨ�^&d/;�ϭϰEͿͲ'>�E�ďǇ�,Ă��WϮ�ĂŶĚ
ďƵƚĞůĂƐĞ� ϭ͘� ^&d/;�ϭϰEͿͲ'>�E�ǁĂƐ� ŝŶĐƵďĂƚĞĚ� ƵŶĚĞƌ� ƚŚĞ� ƐĂŵĞ� ĐŽŶĚŝƚŝŽŶƐ�ǁŝƚŚŽƵƚ� ĂŶǇ�ĞŶǌǇŵĞ�
ƉƌĞƐĞŶƚ� ĂƐ� Ă� ŶĞŐĂƚŝǀĞ� ĐŽŶƚƌŽů͘� /Ŷ� ĞĂĐŚ� ĐŽŶĚŝƚŝŽŶ� Ă� ŵĂƐƐ� ŽĨ� ϮϬϮϳ� �Ă� ĐŽƌƌĞƐƉŽŶĚŝŶŐ� ƚŽ� ƚŚĞ�
ƐƵďƐƚƌĂƚĞ͕�ƐĞůĞŶŽͲ�ǇƐ�ŵŽĚŝĨŝĞĚ�^&d/;�ϭϰEͿͲ'>�E͕�ŝƐ�ĚĞƚĞĐƚĞĚ�ŝŶĚŝĐĂƚŝŶŐ�ŝŶĐŽŵƉůĞƚĞ�ƉƌŽĐĞƐƐŝŶŐ�
ĂĨƚĞƌ�Ϯϰ�ŚŽƵƌƐ͘���ŵĂƐƐ�ŽĨ�ϭϲϮϲ��Ă�ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ƚŽ�ĂĐǇĐůŝĐ�^&d/;�ϭϰEͿ�ĂŶĚ�Ă�ŵĂƐƐ�ŽĨ�ϭϲϬϴ��Ă�
ĐŽƌƌĞƐƉŽŶĚŝŶŐ� ƚŽ� ĐǇĐůŝĐ� ^&d/;�ϭϰEͿ� ǁĞƌĞ� ĚĞƚĞĐƚĞĚ� ǁŚĞŶ� ƚŚĞ� ƐƵďƐƚƌĂƚĞ� ǁĂƐ� ŝŶĐƵďĂƚĞĚ� ǁŝƚŚ�
ďƵƚĞůĂƐĞ�ϭ͕�ǁŚĞƌĞĂƐ�ŽŶůǇ�Ă�ŵĂƐƐ�ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ƚŽ�ĂĐǇĐůŝĐ�^&d/;�ϭϰEͿ�ǁĂƐ�ĚĞƚĞĐƚĞĚ�ǁŚĞŶ�ƚŚĞ�
ƐƵďƐƚƌĂƚĞ�ǁĂƐ�ŝŶĐƵďĂƚĞĚ�ǁŝƚŚ�,Ă��WϮ͘�EŽ�ŵĂƐƐ�ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ƚŽ�ĐǇĐůŝĐ�^&d/;�ϭϰEͿ�ǁĂƐ�ĚĞƚĞĐƚĞĚ�
ŝŶ�ƚŚĞ�ŶĞŐĂƚŝǀĞ�ĐŽŶƚƌŽů͘���ǁĞĂŬ�ƐŝŐŶĂů�ĐŽƵůĚ�ďĞ�ĚĞƚĞĐƚĞĚ�ĨŽƌ�ĂĐǇĐůŝĐ�^&d/;�ϭϰEͿ�ŝŶ�ƚŚĞ�ŶĞŐĂƚŝǀĞ�
ĐŽŶƚƌŽů͕�ďƵƚ�ǁĂƐ�ŶĞŐůŝŐŝďůĞ�ĐŽŵƉĂƌĞĚ�ƚŽ�ƚŚĞ�ƚĞƐƚ�ƐĂŵƉůĞƐ͘�EĂƚŝǀĞ�ĐǇĐůŝĐ�^&d/�ǁĂƐ�ŝŶĐůƵĚĞĚ�ĂƐ�ĂŶ
ŝŶƚĞƌŶĂů�ĐŽŶƚƌŽů�ǁŝƚŚ�Ă�ŵĂƐƐ�ŽĨ�ϭϱϭϱ��Ă͘�

142



^ƵƉƉůĞŵĞŶƚĂů�&ŝŐƵƌĞ�ϲ͗�^ŽĚŝƵŵ�ĂĚĚƵĐƚ�ƚĞƐƚŝŶŐ͘�;�Ϳ�hƐŝŶŐ�Ă�ĚĞƐĂůƚŝŶŐ�ĐŽůƵŵŶ�ƌĞŵŽǀĞƐ�ƚŚĞ�ƉĞĂŬƐ�
ĐĂƵƐĞĚ ďǇ ƚŚĞ ƐŽĚŝƵŵ ĂĚĚƵĐƚ ŽĨ ĐǇĐůŝĐ ^&d/;�ϭϰEͿ ŽďƐĞƌǀĞĚ ŝŶ D�>�/ͲdK& D^ ƚƌĂĐĞƐ ǁŝƚŚ
ďƵƚĞůĂƐĞ�ϭ͘���ƐŽĚŝƵŵ�ĂĚĚƵĐƚ�ŽĨ�ĐǇĐůŝĐ�^&d/;�ϭϰEͿ�ƌĞƐƵůƚĞĚ�ŝŶ�Ă�ƉĞĂŬ�ĞŶǀĞůŽƉĞ�ĐŽŶƚĂŝŶŝŶŐ�ďŽƚŚ�
ĂĐǇĐůŝĐͲ^&d/;�ϭϰEͿ�ĂŶĚ�ƚŚĞ�нϮϮ�ƐŽĚŝƵŵ�ĂĚĚƵĐƚ�ŽĨ�ĐǇĐůŝĐ�^&d/;�ϭϰEͿ͖�ŚŽǁĞǀĞƌ͕�ĨŽůůŽǁŝŶŐ�ĚĞƐĂůƚŝŶŐ�
ƚŚĞ�ƉĞĂŬ�Ăƚ�ϭϲϮϴ͘ϲ�ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ƚŽ�ƚŚĞ�ƐŽĚŝƵŵ�ĂĚĚƵĐƚ�ŝƐ�ƌĞĚƵĐĞĚ͘�;�Ϳ�^ŝŵŝůĂƌůǇ͕�ƚŚĞ�ĞǆƉĞĐƚĞĚ�
ŵͬǌ� ĨŽƌ� ƚŚĞ�ϯн� ŝŽŶ�ŽĨ�ĂĐǇĐůŝĐ� ^&d/;�ϭϰEͿ� ŝƐ�ŽďƐĞƌǀĞĚ� ŝŶ� >�ͬD^�ĚƵĞ�ƚŽ� ƚŚĞ� ƐĂůƚ�ďĞŝŶŐ� ƌĞŵŽǀĞĚ�
ĚƵƌŝŶŐ� ƐĞƉĂƌĂƚŝŽŶ� ŽĨ� ƚŚĞ� ƉĞƉƚŝĚĞƐ� ďǇ� ůŝƋƵŝĚ� ĐŚƌŽŵĂƚŽŐƌĂƉŚǇ� ƌĞƐƵůƚŝŶŐ� ŝŶ� ƚŚĞ� ĞǆƉĞĐƚĞĚ� ƉĞĂŬ�
ĞŶǀĞůŽƉĞ͘�

ZĞĨĞƌĞŶĐĞƐ�

WĞŝ͕�:͕͘�<ŝŵ͕��͘,͘�ĂŶĚ�'ƌŝƐŚŝŶ͕�E͘s͘�;ϮϬϬϴͿ�WZKD�>^ϯ�͗�Ă�ƚŽŽů�ĨŽƌ�ŵƵůƚŝƉůĞ�ƉƌŽƚĞŝŶ�ƐĞƋƵĞŶĐĞ�
ĂŶĚ�ƐƚƌƵĐƚƵƌĞ�ĂůŝŐŶŵĞŶƚƐ͘�EƵĐůĞŝĐ��ĐŝĚƐ�ZĞƐ͕͘�ϯϲ͕�ϮϮϵϱͲϮϯϬϬ͘�
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