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Abstract  Multiple sclerosis (MS) is a debilitating 
disease that requires prolonged treatment with often 
severe side effects. One experimental MS therapeutic 
currently under development is a single amino acid 
mutant of a plant peptide termed kalata B1, of the 
cyclotide family. Like all cyclotides, the therapeutic 
candidate [T20K]kB1 is highly stable as it contains a 
cyclic backbone that is cross-linked by three disulfide 
bonds in a knot-like structure. This stability is much 
sought after for peptide drugs, which despite exquisite 
selectivity for their targets, are prone to rapid deg-
radation in human serum. In preliminary investiga-
tions, it was found that [T20K]kB1 retains oral activ-
ity in experimental autoimmune encephalomyelitis, 
a model of MS in mice, thus opening up opportuni-
ties for oral dosing of the peptide. Although [T20K]
kB1 can be synthetically produced, a recombinant 
production system provides advantages, specifically 
for reduced scale-up costs and reductions in chemical 
waste. In this study, we demonstrate the capacity of 
the Australian native Nicotiana benthamiana plant to 

produce a structurally identical [T20K]kB1 to that of 
the synthetic peptide. By optimizing the co-expressed 
cyclizing enzyme, precursor peptide arrange-
ments, and transgene regulatory regions, we demon-
strate a [T20K]kB1 yield in crude peptide extracts 
of ~ 0.3 mg/g dry mass) in whole plants and close to 
1.0 mg/g dry mass in isolated infiltrated leaves. With 
large-scale plant production facilities coming on-line 
across the world, the sustainable and cost-effective 
production of cyclotide-based therapeutics is now 
within reach.

Keywords  Multiple sclerosis · Nicotiana 
benthamiana · Asparaginyl endopeptidases · Peptide · 
Recombinant · Plant molecular farming · Cyclotide

Introduction

Multiple sclerosis (MS) is a devastating autoimmune 
disease that affects the central nervous system lead-
ing to progressive neurological disability (Maca-
ron and Ontaneda 2019). Disease onset typically 
manifests itself in young adults aged 20 – 30  years, 
where patients present with a relapsing-remitting 
disease often followed by a secondary progressive 
disease stage (McGinley et  al. 2021). Although the 
exact cause of MS is unclear, genetic, and environ-
mental factors have been implicated (Perez-Perez 
et al. 2022; Manouchehrinia et al. 2022; Leffler et al. 
2022). Treatment options for MS have progressed in 
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recent years, with broad-spectrum immunosuppres-
sant approaches making way for more targeted immu-
notherapies that include recombinant interferons, e.g. 
IFNβ (Walther et al. 1996), small molecules, e.g. fin-
golimod (Pournajaf et  al. 2022) and antibodies, e.g. 
natalizumab, alemtuzumab (Morrow et  al. 2022). 
However, these therapeutics have varying efficiencies 
and deleterious side effects (Jarmolowicz et al. 2017; 
Moiola et  al. 2020); thus, there is a clear need to 
develop novel, less toxic and easy-to-administer MS 
therapeutics.

Cyclotides are a class of backbone cyclic and 
disulfide bond stabilized plant-produced peptides 
that have attracted interest for applications in drug 
development (Camarero and Campbell 2019; Craik 
et al. 2012). The potential of cyclotides as a treatment 
for MS was first put forward by Grundemann et  al. 
(2012), who demonstrated that a cyclotide enriched 
Oldenlania affinis plant extract had an antiprolifera-
tive effect on activated human lymphocytes. Subse-
quent fractionation activity assessments revealed that 
in isolation, the isolated cyclotide kalata B1 was anti-
proliferative in a dose-dependent manner. Further-
more, single residue substitutions were identified that 
conferred either pronounced or reduced T-cell prolif-
eration suppression (Grundemann et  al. 2013). Sub-
sequent mode-of-action studies utilizing the [T20K]
kalata B1 mutant revealed that this peptide influences 
the expression level of the interleukin 2-receptor 
(IL-2), a key component of T-cell receptor signaling 
(Grundemann et al. 2013; Hellinger et al. 2021).

One disadvantage of peptide-based drugs is their 
instability in the gastrointestinal system, with an 

almost universal requirement for administration by 
injection, a route not preferred by patients. In this 
context cyclotide-based drugs hold great potential due 
to their remarkable structural stability, mainly due to 
the presence of a cyclized backbone that incorporates 
a stabilizing cystine knot (Fig. 1a) (Craik et al. 1999). 
Indeed, the cyclotides kalata B1 and B7 (Fig.  1b) 
were found to be the only natural peptide scaffolds 
completely resistant to degradation in simulated gas-
tric and intestinal digestion assays amongst a broad 
range of peptides tested (Kremsmayr et al. 2022). To 
determine the feasibility of oral dosing [T20K]kB1, 
Thell et al. (2016) compared the activity of parenteral 
and oral dosed [T20K]kB1 in a MS mouse model of 
experimental autoimmune encephalomyelitis (EAE). 
They found that, like the parenteral route, oral dos-
ing significantly improved the EAE clinical score in 
a dose-dependent manner (10 and 20  mg/kg doses 
tested), highlighting the potential of [T20K]kB1 for 
use as a therapeutic administered by the patient-pre-
ferred oral delivery route.

With [T20K]kB1 now entering early stage clinical 
trials (Grundemann et  al. 2019), it is timely to con-
sider options for the cost-effective production of this 
peptide. Although many cyclotides are amenable to 
synthetic production using solid-phase peptide syn-
thesis techniques, the cost of production at scale and 
the associated environmental footprint remains con-
cerning (Andersson et  al. 2000; Isidro-Llobet et  al. 
2019). Given that cyclotides are gene-encoded plant 
peptides, a recombinant plant-based production sys-
tem is appealing. The biosynthetic pathway of cyclo-
tides has been elucidated and it is well established 

Fig. 1   Sequences of selected cyclotides and 3D structure of 
the prototypic cyclotide kalata B1 (kB1) a Structure of kalata 
B1 highlighting the cyclic peptide backbone and cystine knot 
arrangement of the three disulfide bonds (PDB: 1NB1). The 

site of the T/K mutation to produce [T20K]kB1 is labelled in 
red. b Sequences of kalata B1, [T20K]kalata B1 and kalata B7 
shown using one-letter amino acid codes.
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that cyclotides mature through a series of proteolytic 
events (Jennings et al. 2001; Saska et al. 2007; Gillon 
et  al. 2008; Rehm et  al. 2019). Although subtle dif-
ferences in the biosynthesis pathways exist between 
different cyclotide-producing species, one commonal-
ity is the requirement of a specific class of cysteine 
proteases, asparaginyl endopeptidases (AEPs), for 
backbone cyclization (Jackson et  al. 2018, 2020). In 
proof-of-concept studies, using Nicotiana bentha-
miana as a biofactory plant, we have shown that by 
co-expressing specific ligase-capable AEPs with 
suitable peptide precursor genes, a range of diverse 
cyclic peptides can be produced in a scalable fashion 
(Jackson et  al. 2022, 2018, 2019; Poon et  al. 2018). 
Despite this success, one noteworthy limitation was 
for the production of the MS therapeutic candidate 
[T20K]kB1, which proved to be inefficiently pro-
duced in planta (Poon et al. 2018).

Here, we address the limited expression previously 
reported by testing a series of engineered [T20K]kB1 
peptide precursor genes with the co-expression of a 
diverse set of AEP ligase genes. We find that subtle 
differences in both the peptide precursor design and 
the choice of co-expressed AEP ligase can greatly 
influence the yield of cyclized [T20K]kB1. By com-
bining an optimized precursor and AEP ligase, we 
demonstrate that transient gene expression in N. 
benthamiana can yield up to 1 mg peptide per gram 
dry mass tissue in crude peptide extracts. The puri-
fied plant produced [T20K]kB1 was demonstrated 
by NMR spectroscopy to be structurally equivalent 
to synthetically produced peptide, paving the way for 
large-scale production of the therapeutic candidate 
[T20K]kB1.

Materials and methods

Vector construction

DNA encoding Oak1_T20K (OQ297794), Oak1_
T20K_UTR (OQ297795), Oak1_T20K_NHI-
IAA (OQ297792), Oak1_T20K_NHIIAA_UTR 
(OQ297793), CterM_T20K (OQ297796) and NaD1_
T20K (OQ297797) were synthesized by Integrated 
DNA Technologies (IDT) and delivered as gene 
blocks for cloning. Gene blocks were PCR amplified 
using primers designed with flanking attB sites for 
recombination into an intermediate vector PDS221 

(Du et  al. 2020), using Gateway BP Clonase (Inv-
itrogen), and into pEAQ-DEST1 (Sainsbury et  al. 
2009), using LR Clonase II (Invitrogen). AEP expres-
sion vectors for OaAEP1b, OaAEP3, HeAEP3 and 
CtAEP1 have been previously described (Jackson 
et  al. 2018). All vector sequences were validated by 
Sanger sequencing before transfer to A. tumefaciens 
strain LBA4404 for leaf infiltration experiments.

Plant cultivation and infiltration

Wild type and ΔAEP N. benthamiana plants (Jack-
son et  al. 2022) were grown hydroponically in a 
controlled environment growth room as part of the 
Clive and Vera Ramaciotti Facility for Producing 
Pharmaceuticals in Plants, situated at the University 
of Queensland, Australia. The temperature was set 
at 28 οC with 16 h light provided (170 μmol m−2 s−1 
of LED illumination). At approximately 5-6  weeks 
of age, before flowering, plants were infiltrated with 
Agrobacteria using either needleless syringes (for 
small-scale assessment) or a vacuum chamber (for 
whole plants). For co-expression experiments, equal 
concentrations of Agrobacteria cultures (OD600 ~ 0.5) 
were mixed 1:1 in infiltration buffer (10  mM MES 
pH 5.6, 10 mM MgCl2, 100 μM acetosyringone) and 
allowed to rest for up to 2  h before infiltration. At 
5  days post infiltration, plants or leaf sections infil-
trated were harvested, immediately snap frozen, and 
lyophilized for storage until processing.

Peptide extraction and relative peptide quantification

Freeze-dried plant tissue was first ground to a powder 
using a GenoGrinder (SPEX SamplePrep) before total 
peptides were extracted using a 50% (v/v) acetonitrile, 
1% (v/v) formic acid solution at a ratio of 50 μl sol-
vent per mg of dry mass. After overnight incubation 
with gentle agitation, insoluble material was pelleted 
by centrifugation, and soluble peptide containing 
supernatant was retained. For relative peptide quanti-
fication, 10 μl of the supernatant (representing 0.5 mg 
dry mass) was mixed with 10 μl of an unrelated con-
trol peptide (GCCSDPRCNYDHPEICGG​AAG​N) 
and 80 μl of an 80% (v/v) acetonitrile, 1% (v/v) for-
mic acid solution. The spiked peptide extracts were 
mixed 1:1 with α-cyano-4-hydroxycinnamic acid 
[5 mg ml−1 in 50% (v/v) acetonitrile / 0.1% trifluoro-
acetic acid (TFA) / 5  mM (NH4 H2PO4)] solution 
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before being spotted onto a MALDI plate. MALDI-
TOF-MS spectra data were acquired using a 5800 
MALDI-TOF-MS (AB SCIEX) operating in reflec-
tor positive mode. For relative yield determination, 
the isotope cluster corresponding to the transgene-
derived peptide was normalised to that obtained for 
the internally spiked peptide control.

Purification of [T20K]kB1 and absolute peptide 
quantification

Whole plant tissue from six different plant batches 
were harvested at 5  days post vacuum-infiltration, 
then lyophilised overnight. Dry tissue was ground 
using a GenoGrinder (SPEX SamplePrep) with crude 
peptides extracted with a 50% (v/v) acetonitrile, 1% 
(v/v) formic acid solution at a ratio of 50 μl solvent 
per mg of dry mass. After gentle stirring overnight, 
the insoluble material was removed by centrifugation, 
and the soluble peptide was retained. To enable puri-
fication, supernatants containing crude peptides were 
lyophilized overnight and resuspended in a 10% (v/v) 
acetonitrile, 1% (v/v) formic acid solution for loading 
onto a Phenomenex Strata C18-E SPE cartridge with 
a 10 g resin capacity. A small aliquot of the eluted 10 
– 80% (v/v) acetonitrile, 1% (v/v) acetonitrile fraction 
was retained for absolute quantification, while the 
remainder was lyophilised overnight and resuspended 
in 10% (v/v) acetonitrile, 0.1% (v/v) TFA in prepa-
ration for HPLC on a semi-preparative Phenomenex 
Jupiter C18 RP-HPLC column (250 × 10  mm, 5  μM 
particle size) connected to a Shimadzu LC-20AT 
pump system (Shimadzu Prominence). The purity of 
the N. benthamiana derived [T20K]kB1 was checked 
by MALDI-TOF–MS and with analytical HPLC 
using a C18 column (Phenomenex, Jupiter 5  μM, 
150 × 2.0 mm).

Absolute [T20K]kB1 quantification of extracts and 
purified samples were performed using targeted mul-
tiple reaction monitoring (MRM) analyses conducted 
on a Sciex QTRAP® 6500+ mass spectrometer inter-
faced with an Exion UPLC system. Quantification 
methods were performed with a Phenomenex Kinetic 
C18 column (100 × 2.1 mm, 1.7 μm) at constant tem-
perature of 60 °C using a linear acetonitrile gradient 
with a flow rate of 0.4 mL min−1. The source setting 
of electrospray voltage was set at 5500  V, curtain 
gas at 30, and temperature at 600  °C. MRM scans 
were performed with low resolution in Q1 targeting 

973.93+ and unit resolution in Q3 targeting 564.33+ 
with delustering potential and collision energy set at 
145 eV and 80 V, respectively. Synthetic [T20K]kB1 
peptide was used to calculate a standard curve, of 
which unknown samples were plotted against.

NMR spectroscopy

Purified [T20K]kB1 was dissolved in 550 µl of H2O/
D2O (9:1) and the pH adjusted to 4.0. 1D proton 
and 2D TOCSY (80  ms mixing time) and NOESY 
(200 ms mixing time) spectra were acquired at 298 K 
on a Bruker Avance III 600 spectrometer equipped 
with a cryogenically cooled probe. Excitation sculpt-
ing methods were used to suppress solvent peaks and 
spectra were referenced internally to 4,4-dimethyl-
4-silapentane-1-sulfonic acid at 0.0 ppm. All spectra 
were processed using TOPSPIN 3.6.1 (Bruker) and 
assignments made using using CCPNMR Analysis 
(version 2.4.4).

Statistical analysis

ANOVA was performed using GraphPad Prism 
v9.5.0 software. Data sets were analysed using the 
nonparametric Kruskal–Wallis test with Dunn’s mul-
tiple comparisons. Significantly (p < 0.05) different 
treatment means are labelled with unique Greek let-
ters in figures.

Results

Asparaginyl endopeptidase (AEP) ligases differ in 
their efficiency for the cyclization of [T20K]kB1

Our first aim was to identify an AEP ligase most 
favorable for [T20K]kB1 cyclization in planta. For 
this, we compared the expression of Oak1_T20K, 
encoding [T20K]kB1, and as a control Oak1, encod-
ing wild type kB1, with the co-expression of four 
known AEP ligases, two from O. affinis (OaAEP1b 
and OaAEP3) (Harris et al. 2015, 2019), and one each 
from Clitoria ternatea (CtAEP1; butelase-1) (Nguyen 
et al. 2014) and Hybanthus enneaspermus (HeAEP3) 
(Jackson et  al. 2018). For transient expression, pre-
cursor peptide and AEP genes were placed within 
the pEAQ-DEST1 vector (Sainsbury et  al. 2009) 
(Fig.  2a), and infiltrated into N. benthamiana leaf 
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cells using Agrobacterium. Five days post leaf infil-
tration, leaf tissue was sampled for peptide extraction 
and MALDI-MS analysis, where the resultant propor-
tion of MS signals for AEP generated cyclic and lin-
ear peptides were calculated (Fig. 2b and c). We found 
that the Oak1 precursor was efficiently processed to 
cyclic kB1 by co-expression of all four chosen AEP 
ligase genes, with OaAEP1b and CtAEP1 the best 
performing at 91.2% ± 3.8% s.d and 92.7% ± 3.4% 
s.d of the total kB1 MS signal representing the 
mass for cyclic kB1 (Fig.  2b and c). For OaAEP3 
and HeAEP3, the efficiency of cyclisation was mar-
ginally lower, with cyclic to linear peptide ratios of 
80.8% ± 6.8% s.d and 84.4% ± 2.7% s.d respectively. 
In the case of Oak_T20K, cyclization efficiency was 

highest for CtAEP1 and HeAEP3 (93.2% ± 2.3% s.d 
and 91.7% ± 1.6% s.d respectively), and lower for the 
AEPs from O. affinis, with OaAEP1b co-expression 
resulting in 58.9% ± 21.9% s.d cyclic MS signal and 
OaAEP3 giving 75.7% ± 2.2% s.d. This low efficiency 
of OaAEP1b on the Oak_T20K substrate is in agree-
ment with that previously reported by Poon et  al. 
(2018).

Although calculating cyclic to linear peptide 
ratios provides a good indication of AEP functional 
preference (cyclization versus hydrolysis), it does 
not provide an assessment of total in planta enzyme 
performance, which is governed not only by AEP 
processing preference but also transcript stabil-
ity, translational efficiency, enzyme maturation and 

Fig. 2   T20K peptide cyclization by co-expression of pep-
tide precursors with ligase-type asparaginyl endopeptidases 
(AEPs). a AEP genes OaAEP1b, OaAEP3, CtAEP1 and 
HeAEP3 and Oak1 precursor genes encoding kB1 or [T20K]
kB1 were inserted into the plant expression vector pEAQ-
DEST1. The Oak1 precursor is known to undergo sequential 
processing events to liberate the final cyclic peptide, includ-
ing a signal peptide cleavage via a signal peptidase (SP) (blue 
triangle), N-terminal pro-peptide (NTPP) cleavage by an 
unknown protease (green triangle), N-terminal repeat (NTR) 
cleavage by a papain-like cysteine protease (brown triangle), 
and a final backbone cyclization by a ligase-type AEP (red tri-
angle). b MALDI-MS-TOF assessment of peptides produced 

by co-expression of precursors Oak1 and Oak1_T20K with 
AEP ligases. For all four AEPs, predominant MS signals are 
evident for cyclic kB1 and [T20K]kB1 with varying degrees of 
N-terminal trimmed and full-length linear peptide. c Percent of 
MS signals representing correctly cyclized peptide (n = 4 s.d). 
Treatments carrying unique Greek letters are significantly dif-
ferent as determined by Kruskal–Wallis ANOVA. d Relative 
cyclic peptide yields as determined by normalizing cyclic 
peptide signal to that of an internally spiked peptide control 
(n = 4  s.d). Treatments carrying unique Greek letters are sig-
nificantly different (p < 0.05) as determined by Kruskal–Wallis 
ANOVA. (Color figure online)
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turnover. To provide this measure, we quantified rela-
tive peptide levels by normalized resultant cyclic kB1 
and [T20K]kB1 MS signals to that of a synthetic pep-
tide standard that was spiked into peptide extracts on 
a per dry mass extract basis (Fig. 2d). This analysis 
indicated that CtAEP1 was the best performing AEP 
ligase for both the Oak1 and Oak1[T20K] substrates, 
with a ~ 2.0 and ~ 4.5 fold improvement in respective 
relative yields over OaAEP1b co-expression.

The Oak1 precursor arrangement and associated 3’ 
UTR sequence enhance cyclotide yield

Although cyclotides are highly conserved across 
the five plant families known to produce them, their 
respective precursor propeptides carry unique differ-
ences in the arrangement of their pro-peptide domains 
and subcellular targeting sequences, which ultimately 
may influence the yield of a heterologous processed 
peptide. To determine if we could improve upon the 
Oak1_T20K precursor (Fig.  3a), we prepared two 
additional T20K peptide precursor genes, one based 
on the precursor of the Fabaceae cyclotide CterM 
(Fig.  3b), and the other the defensin peptide NaD1 
from N. tabacum (Fig. 3c). Like Oak1, each of these 
precursors is predicted to enter the endomembrane 
system of plant cells by virtue of a signal peptide, 
and also predicted to transit to the vacuole compart-
ment for peptide maturation (Lay et al. 2014). In the 
case of Oak1_T20K, we made one additional change 
where the peptide’s C-terminal tailing sequence GLP-
SLAA was replaced with HIIAA, as is present in the 
CterM precursor. For this analysis, we co-expressed 
each precursor with a N. benthamiana codon-opti-
mized gene sequence variant of CtAEP1 (CtAEP1_
nbOPT), and as a negative control, a catalytically 
inactive mutant CtAEP1 (C207-S). Both wild-type 
N. benthamiana and our recently developed ΔAEP (a 
quad AEP knockout mutant line (Jackson et al. 2022)) 
were infiltrated, with the latter included to determine 
if yields were improved in this reduced endogenous 
AEP background.

Irrespective of precursor, co-expression of 
the catalytic inactive CtAEP1 (207C-S) mutant 
resulted in predominantly linear peptides produced 
(full length, N-terminal truncated and C-terminal 
extended forms), as determined by MALDI-MS-
TOF (Fig.  3a-c). In wild-type N. benthamiana 
plants, the majority of these linear peptides are 

evidently processed products from endogenous 
AEPs that lack the functional ability to efficiently 
cyclize the [T20K]kB1 backbone, supported by the 
complete absence of such processed peptides in the 
ΔAEP background. Upon co-expression of the cata-
lytically active CtAEP1_nbOPT, all precursors were 
predominantly processed to cyclic [T20K]kB1, 
with similar cyclic to linear peptide ratios observed 
for Oak1_T20K (94.2% ± 2.1% s.d.) and CterM_
T20K (95.2% ± 2.5% s.d.), while a lower percent-
age was recorded for NaD1_T20K (73.5% ± 5.1% 
s.d.) (Fig.  3d). Expression within the ΔAEP line 
produced almost undetectable linear peptide for 
Oak1_T20K and CterM_T20K with cyclic peptide 
percentage at 97.8% ± 1.7% s.d. and 99.0% ± 1.9% 
s.d. respectively. NaD1_T20K cyclic peptide per-
centage was also increased in the ΔAEP line, to 
81.5% ± 3.5% s.d. Relative cyclic [T20K]kB1 lev-
els were also determined with the highest yields 
obtained for the Oak1_T20K construct, which pro-
duced ~ 2.6 fold higher levels than the next best 
NaD1_T20K precursor (Fig. 3e). Despite improved 
cyclic to linear percentages observed upon expres-
sion in the ΔAEP line (Fig.  3d), only marginally 
improved cyclic peptide levels were calculated 
(Fig. 3e).

Having established that the Oak1 precursor 
framework combined with CtAEP1_nbOPT is the 
most favorable combination for [T20K]kB1 pro-
duction in planta, we next tested other variables 
that we considered could influence yields. In the 
first instance, we added in 268 nt 3’UTR of the 
native Oak1 transcript. In effect, this arrangement 
provides for a tandem 3’ UTR as the pEAQ vector 
also carries the 3’ UTR of the CPMV followed by 
the Nos terminator sequence (Fig.  4a) (Sainsbury 
et al. 2009). Additionally, we performed a side-by-
side comparison of Oak1_T20K constructs varying 
in their C-terminal tailing residues (GLPSLAA vs 
HIIAA). We used small scale infiltrations to express 
each of these four precursors with CtAEP1_nbOPT, 
and we calculated relative [T20K]kB1 peptide pro-
duced (Fig.  4b). Although great care was used to 
ensure leaves infiltrated were of the same develop-
mental age, we found substantial variation in rela-
tive expression yield across the six replicate infil-
trations (Fig.  4b). When each leaf was analyzed 
independently, the highest yielding infiltration spots 
were largely from constructs carrying the 3’UTR 
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sequence of Oak1, irrespective of the precursor har-
boring GLPSLAA or NHIIAA tails. This finding 
suggests that the 3’UTR of Oak1 enhances the final 
yield of [T20K]kB1 (Fig. 4d).

To corroborate our relative quantifications, we 
determined absolute [T20K]kB1 quantifications 
of peptide extracts from Oak1[T20K] GLPSLAA 
with and without the Oak 3’ UTR (Fig.  4c). Like 

Fig. 3   In planta assessment of peptide precursors for the pro-
duction of [T20K]kB1. Precursors were engineered to encode 
for the T20K cyclotide domain and included a Oak_T20K, b 
Cter_T20K and c NaD1_T20K. While Oak_T20K is known 
to require several N-terminal processing steps (see Fig.  2), 
Cter_T20K and NaD1_T20K require only a signal peptidase 
(SP) event to liberate the N-terminus of [T20K]kB1, required 
for the AEP mediated backbone cyclisation event. Additional 
precursor domains include the Pa1a domain (precursor domain 
1a) and the Cter VTS (C-terminal vacuole targeting signal). 
MALDI-MS-TOF analysis of crude peptide extracts revealed 
cyclic (blue highlight), linear and linear truncated or extended 

peptides as indicated. An absence of endogenous AEP-derived 
MS signals (highlighted in red) is notable when precursors are 
expressed with the catalytic inactive CtAEP1 c-s enzyme in 
the ΔAEP N. benthamiana line, when compared to wild type 
(WT) plants. d Percent of MS signals representing correctly 
cyclized peptide (n = 6 s.d). Treatments carrying unique Greek 
letters are significantly different (p < 0.05) as determined by 
Kruskal–Wallis ANOVA. (e) Relative cyclic [T20K]kB1 pep-
tide yields as determined by normalizing the cyclic peptide 
signal to that of an internally spiked peptide control (n = 6 s.d). 
Treatments carrying unique Greek letters are significantly dif-
ferent (p < 0.05) as determined by Kruskal–Wallis ANOVA
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the relative quantifications, absolute peptide lev-
els were routinely higher when the 3’ UTR was 
included in the expression construct. In these crude 
peptide extracts, yields for Oak1[T20K] GLPS-
LAA with and without the inclusion of the Oak1 3’ 
UTR sequences were calculated as 0.95 ± 0.24  s.d 
and 0.83 ± 0.19  s.d mg/g dry mass tissue. For 
comparison purposes (and based on historic fresh 
mass to dry mass measurements), this yield would 
equate to roughly 0.21 and 0.18  mg/g fresh mass 
respectively.

Structural equivalence of plant‑derived [T20K]kB1

We next aimed to produce [T20K]kB1 at scale to 
test purification and provide pure peptide for NMR 
structural analysis. For this, we co-expressed our best 
performing precursor Oak_T20K GLPSLAA UTR 
and AEP ligase pEAQ CtAEP1_nbOPT in wild type 
N.benthamiana. Across six batches of plants infil-
trated, absolute quantification of [T20K]kB1 in crude 
peptide extracts averaged 0.30 ± 0.07 mg/g dry mass. 
In order to purify [T20K]kB1 for NMR analysis, 

Fig. 4   Relative yield effects by altering AEP recognition 
sequences and providing an additional 3’ UTR sequence. a 
Oak_T20K precursors were designed to include either a GLP-
SLAA tail, as naturally present in Oak1, or a HIIAA tail, as 
naturally present within the interdomain linker of CterM. Both 
variants were tested with and without the inclusion of the 3’ 
UTR region of Oak1. All four expression constructs were co-

expressed with CtAEP1. b Relative cyclic [T20K]kB1 peptide 
yields as determined by normalizing the cyclic peptide MS sig-
nal to that of an internally spiked peptide control (n = 6 s.d). c 
Absolute quantification was performed for T20K GLPSLAA 
with and without the UTR sequence (n = 6  s.d). d Replicate 
plant data showing relative yield on individual leaves
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crude peptides from three different batches were com-
bined and purified using gravity fed C18 solid phase 
extraction (SPE), followed by reverse phase HPLC. 
Resultant yield losses were recorded through puri-
fication, revealing a 59% loss (~ 4.5 mg to 1.86 mg) 
of peptide after C18 SPE, and an additional 65% loss 
(1.86  mg to 0.65  mg) during HPLC. The resulting 
plant produced [T20K]kB1 was sufficiently pure (Fig 
S1a) for NMR structural analysis (Fig S1b). Calcu-
lation of secondary Hα shifts (i.e. the difference of 
measured chemical shifts from random coil values 
(Wishart et al. 1995) and comparison with synthetic-
derived peptide indicate an identical backbone struc-
ture and secondary structural elements (Fig. 5), con-
firming cyclisation and correct folding of the plant 
derived peptide.

Discussion

Given their exceptional stability, cyclotides have 
attracted significant interest as scaffolds for drug 
development (Camarero and Campbell 2019; Craik 
et al. 2012). With a pipeline of cyclotide-based ther-
apeutic candidates in development (de Veer et  al. 
2019), it is timely to consider a means of recombi-
nant production that is both environmentally friendly 
and economically favored over traditional synthetic 
peptide production methods (Isidro-Llobet et  al. 
2019; Andersson et al. 2000). In this study we inves-
tigated the feasibility of using the biofactory plant N. 
benthamiana for the rapid and scalable production of 

the MS therapeutic candidate [T20K]kB1, that has 
advanced to early stage clinical trials as a treatment to 
reduce the symptoms of multiple sclerosis (Grunde-
mann et al. 2019).

Efforts to unravel the cyclotide biosynthesis path-
way in plants have led to the identification of a class 
of AEPs that function efficiently in the backbone 
cyclisation of diverse cyclotides (Harris et  al. 2015; 
Jackson et  al. 2018, 2020; Du et  al. 2020; Nguyen 
et  al. 2014). These ligase-type AEPs, alternatively 
termed peptide asparaginyl ligases (PALs) (Hemu 
et  al. 2019), are rare in nature and have predomi-
nantly been characterized from cyclotide-producing 
plant species (Hemu et  al. 2022). Bioinformatic and 
structural activity studies have identified a num-
ber of subtle structural features of AEP ligases that 
steer AEP activity towards peptide ligation over 
hydrolysis (Hemu et  al. 2022, 2020, 2019; Jackson 
et  al. 2018; Yang et  al. 2017). Here we demonstrate 
that subtle changes in the substrate can additionally 
influence AEP ligase efficiency, with the T20K sub-
stitution negatively affecting the processing ability 
of the OaAEP1b ligase from O. affinis. This amino 
acid substitution is some distance from the required 
AEP recognition tripeptide sequence, NGL; thus, 
we propose that this drop in efficiency is caused by 
enzyme substrate repulsion due to the addition of 
this charged residue. In contrast, CtAEP1 activ-
ity in planta was equally efficient on both wild type 
kB1 and T20K[kB1] substrates, suggesting that this 
enzyme is more tolerant of the residue exchange, 
while HeAEP3 slightly favored the T20K[kB1] sub-
strate over the wild type kB1. With these unpredict-
able enzyme efficiencies, it is pertinent to always test 
a panel of AEP ligases for identification of the best 
in planta performing enzyme. Importantly, such an 
assay is relatively quick using transient expression in 
N. benthamiana.

Cyclotides, like most plant-derived peptides, are 
encoded within larger precursor proteins that require 
proteolytic processing (Jennings et  al. 2001; Gillon 
et al. 2008; Conlan et al. 2011, 2012). One common-
ality across all cyclotide precursors, regardless of the 
plant family from which they originate, is the pres-
ence of a plant family-specific AEP processing site at 
the peptide C-terminus. By contrast, the mechanism 
for release of the cyclotide N-terminus differs. For 
cyclotides from the Fabaceae, only a signal peptide 
cleavage is required to liberate the N-terminus, whilst 

Fig. 5   Structural equivalence of plant-derived and synthetic 
T20K. Secondary Hα chemical shift comparison of [T20K]
kB1 produced by solid phase peptide chemistry (synthetic) 
with the plant produced peptide purified from N. benthamiana 
leaf
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for those from the Rubiaceae, Violaceae and Solan-
aceae, a dedicated N-terminal processing enzyme is 
required, with a papain-like cysteine protease impli-
cated for the Oak1 precursor (Rehm et  al. 2019). 
Here, we wished to determine if we could improve 
the in planta yield of cyclic [T20K]kB1 by engineer-
ing processing of the peptide from the precursor pro-
teins of the cyclotide CterM and the defensin NaD1 
from ornamental tobacco (Lay et  al. 2003). When 
each of these three precursors was co-expressed 
with CtAEP1, correctly cyclized [T20K]kB1 pre-
dominated the MALDI-MS profile, indicating that 
CtAEP1 and the tested precursor proteins correctly 
co-localize for AEP-mediated backbone cyclisation 
of [T20K]kB1 to occur, most likely within the plant 
cell vacuole where AEPs are thought to self-activate 
(Hara-Nishimura et  al. 1998). Despite similar cyclic 
to linear peptide ratios, the yield of CterM_T20K and 
NaD1_T20K were both lower than the Oak1_T20K 
precursor arrangement. Although the reasons for this 
are not immediately evident, efficiencies in N-termi-
nal cleavage (signal peptide mediated versus PLCP 
mediated) and in vacuole targeting (C-terminal versus 
N-terminal signals) may be influential.

The pEAQ vector used in this study for transient 
expression of N. benthamiana provides for high-level 
transgene expression due to a unique arrangement of 
a cowpea mosaic virus (CMV) RNA-2 5’ UTR and 
a chimeric 3’ UTR, that includes 183 nucleotides of 
the CMV RNA-2 3’ UTR linked to the Nos termina-
tor sequence (Sainsbury et al. 2009). While the modi-
fied 5’UTR has been demonstrated to enhance pro-
tein translation (Sainsbury and Lomonossoff 2008), 
the chimeric 3’ UTR enhances mRNA accumulation 
(Meshcheriakova et  al. 2014). As the Oak1 gene is 
one of the most highly expressed genes in O. affinis 
leaf (Qin et  al. 2010), we were interested in testing 
whether the inclusion of the 3’UTR could further 
enhance [T20K]kB1 production levels. We observed 
that, despite using similarly aged leaves, yields varied 
significantly across experiments, limiting the inter-
pretation of yield data (Fig.  4b, c). However, when 
considering each replicate leaf (spot infiltrated with 
each of the four expression vectors), it is notable that 
the expression vectors carrying the additional 3’ UTR 
of Oak1 provided a greater yield in 4 of the 6 plants 
tested (Fig. 4d). Further work is required to confirm 
this positive effect and test whether other recombinant 
products would benefit from this chimeric 3’ UTR.

Beyond optimizing plant-based expression levels, 
downstream processing that is simple, cost-effective, 
and efficient is paramount. Whereas most attempts at 
using plants for recombinant expression of peptides 
have relied on the expression of fusion proteins, with 
a latter requirement for in  vitro processing (Ghidey 
et al. 2020), here we use plant enzymes (endogenous 
and transgene derived) for a one-step in vivo matura-
tion of cyclic peptide. In this way, mature [T20K]kB1 
can be directly purified based on its hydrophobicity 
using reversed-phase HPLC. By calculating [T20K]
kB1 yields in crude peptide extracts and through 
purification steps, we found that although purifica-
tion using C18 RP-HPLC was robust for achieving 
highly pure peptide (Fig S1a), it resulted in consider-
able peptide loss (~ 85%). A study by Kristensen et al. 
(2015) revealed that this phenomenon is rather com-
mon for cationic peptides and is due to the adsorp-
tion of peptides to solid plastic and glass surfaces. In 
future studies, we will devise strategies to reduce this 
phenomenon, including using of pre-fabricated low 
protein binding tubes, maximizing peptide concentra-
tion at all times, and possibly even using plastics and 
glass with pre-saturated surfaces.

The development of plants as environmentally 
friendly and scalable production vehicles for recom-
binant proteins is building momentum (Huebbers and 
Buyel 2021). In the current study, we tested a range 
of variables to optimize the production of the MS 
therapeutic candidate [T20K]kB1 in N. benthami-
ana. Influential was the choice of co-expressed AEP 
ligase, the precursor protein arrangement, and the 
inclusion of UTR sequences in the expression vec-
tor. Laboratory scale whole plant infiltrations yielded 
on average 0.3  mg/g dry mass of correctly cyclized 
[T20K]kB1, with over threefold this amount quanti-
fied from isolated infiltration spots of younger leaves. 
With further improvements in downstream process-
ing and production at scale, we anticipate that plant-
based production of therapeutic cyclic peptides is 
now within reach.
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