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Proteases can catalyze both peptide bond cleavage and for-
mation, yet the hydrolysis reaction dominates in nature. This
presents an interesting challenge for the biosynthesis of back-
bone cyclized (circular) proteins, which are encoded as part
of precursor proteins and require post-translational peptide
bond formation to reach their mature form. The largest fam-
ily of circular proteins are the plant-produced cyclotides;
extremely stable proteins with applications as bioengineering
scaffolds. Little is known about the mechanism by which they
are cyclized in vivo but a highly conserved Asn (occasionally
Asp) residue at the C terminus of the cyclotide domain sug-
gests that an enzyme with specificity for Asn (asparaginyl
endopeptidase; AEP) is involved in the process. Nicotiana
benthamiana does not endogenously produce circular pro-
teins but when cDNA encoding the precursor of the cyclotide
kalata B1 was transiently expressed in the plants they pro-
duced the cyclotide, together with linear forms not com-
monly observed in cyclotide-containing plants. Observation
of these species over time showed that in vivo asparaginyl
bond hydrolysis is necessary for cyclization. When AEP activ-
ity was suppressed, either by decreasing AEP gene expression
or using a specific inhibitor, the amount of cyclic cyclotide in
the plants was reduced compared with controls and was
accompanied by the accumulation of extended linear species.
These results suggest that an AEP is responsible for cata-
lyzing both peptide bond cleavage and ligation of cyclotides
in a single processing event.

Backbone-cyclized (circular) proteins have been identified in
bacteria, plants, and mammals (1, 2). The largest family of cir-
cular proteins are the cyclotides, which combine a cyclic back-
bone with a cystine knot arrangement of three disulfide bonds.
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The cyclic cystine knot (CCK)? framework endows cyclotides
with a number of advantages over conventional (i.e. acyclic)
proteins. Cyclotides are resistant to thermal and biochemical
extremes, treatment with endoproteases and, because of the
absence of termini, exoproteases (3). These features have moti-
vated the development of cyclotides as stable scaffolds in drug
design (4). Fig. 1 shows the compact structure of the prototypic
cyclotide kalata B1 (5). Although cyclotides display a broad
range of bioactivities (6 —12) the ability of the cyclotides kalata
B1 and kalata B2 to inhibit the development of the insect pests
Helicoverpa punctigera and H. armigera suggests that their
endogenous function is in plant defense (13, 14).

Cyclotides are encoded as part of precursor proteins that
have a highly conserved organization. Precursor cDNA clones
derived from Oldenlandia affinis (Rubiaceae) (13) and Vio-
la odorata (Violaceae) (15) exhibit an N-terminal endoplasmic
reticulum (ER) signal sequence followed by a pro-region, one or
more cyclotide domains and a short hydrophobic C-terminal
tail sequence. In precursors that contain multiple cyclotide
domains each one is preceded by a repeated portion of the pro-
region (~20 residues) that has been designated the N-terminal
repeat (NTR) (13). The sequence identity of the NTR between
species is low but the motif appears to be a structurally con-
served helix (15). Fig. 1 shows the general organization of
cyclotide precursor proteins and an expanded portion of the
specific precursor that encodes kalata B1, designated Oak1 (for
Q. affinis kalata B1).

Although the residues preceding the cyclotide domain are
not highly conserved, an Asn (occasionally Asp) residue is
located at the C terminus of the cyclotide domain across all
precursor clones. The position of the Asn residue suggests that
it is critical for processing, and possibly cyclization, of the
cyclotide domain. Intein-based mechanisms have been used to
cyclize cyclotides (16) but the residues at the termini of the
cyclotide domain are not reminiscent of those required for in
vivo intein splicing, suggesting that an enzymatic mechanism is
probably involved. Asparaginyl endopeptidases specifically
cleave peptide bonds C-terminal to Asn and, less efficiently,
after Asp and are widespread in plants where they are com-

2 The abbreviations used are: CCK, cyclic cystine knot; NTR, N-terminal repeat;
MES, 4-morpholineethanesulfonic acid; AEP, asparaginyl endopeptidase;
VPE, vacuolar processing enzyme; dpi, days postinfiltration; ER, endoplas-
mic reticulum; MALDI-TOF, matrix-assisted laser desorption/ionization-
time of flight.
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FIGURE 1. Cyclotide structure and precursor protein organization. The
structure of the prototypic cyclotide kalata B1 (PDB code 1NB1) is shownin a
ribbon representation with the N and G residues where cyclization takes place
highlighted. Above this is a schematic representation of the organization of
the cyclotide precursors known to date, which encode up to three copies of
the same or different cyclotides. The predicted ER signal sequence is followed
by a pro-region, a region designated the NTR, the cyclotide domain and a
short C-terminal tail region. The NTR always precedes the cyclotide domainin
single or multiple copy precursors. An expanded portion of the Oak1 precur-
sor with the residues from kalata B1 and the flanking NTR and tail regions is
also shown. The conserved C-terminal Asn is marked with an asterisk.

monly called vacuolar processing enzymes (VPEs) and are
involved in the activation and degradation of storage proteins
(17).

In the current study we present evidence for the role of a
plant AEP in the backbone cyclization of cyclotides. We dem-
onstrate that AEP activity is responsible for asparaginyl bond
hydrolysis in cyclotide-containing plants and that this activity is
linked to the cyclization of cyclotides in N. benthamiana.
Although N. benthamiana does not endogenously produce cir-
cular proteins, it is capable of producing correctly folded and
backbone-cyclized kalata B1 when transiently expressing the
Oakl precursor, in addition to C-terminally extended linear
forms of the cyclotide. Analysis of the different cyclotide forms
over time showed that linear kalata B1 was not cyclized in vivo
despite the presence of a C-terminal Asn, suggesting that
hydrolysis of the asparaginyl bond is necessary for cyclization.
Knocking down or inhibiting AEP activity significantly reduced
the amount of the cyclic protein produced and led to an accu-
mulation of the longer linear cyclotide species. Overall the
results appear to implicate an AEP in catalyzing both protein
backbone hydrolysis and cyclization.

MATERIALS AND METHODS

Assay for Asparaginyl Bond Hydrolysis—O. affinis and
V. tricolour leaf extracts in 50 mMm sodium acetate buffer (pH
5.5) containing 50 mm NaCl and 1 mm EDTA were preincu-
bated with protease inhibitors (0.2-5 mM in dimethyl sulf-
oxide) in 20 mM sodium acetate (pH 5.5) containing 0.1 mm
EDTA and 0.1 m dithiothreitol at 30 °C for 1 h. Activity was
measured against 200 uM benzyloxycarbonyl-Ala-Ala-Asn-
methylcoumaryl amide (Z-AAN-mca) at 465 nm for 1 hat 30 °C
using a fluorescence spectrophotometer (RF-5000, Shimadzu).
Protease inhibitors (Peptide Institute) were phenylmethyl-
sulfonyl fluoride, pepstatin A, acetyl-Tyr-Val-Ala-Asp-alde-
hyde (Ac-YVAD-CHO), acetyl-Glu-Ser-Glu-Asn-aldehyde
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(Ac-ESEN-CHO) and L-trans-epoxysuccinyl-leucyl ami-
do(4-guanidino)butane (E-64).

Construction of the Oakl Expression Plasmid for Transient
Expression Assays—QOakl c¢DNA, including the ER signal
sequence (13), was amplified by PCR using primers EcoRI-
MAKEF (5'-GGAATTCATGGCTAAGTT-3') and SLAA*BamHI
(5'-GGATCCTTATGCGGCCAAACT-3") and subcloned into
the pART7 vector (18) between the cauliflower mosaic virus
(CaMV) *S constitutive promoter and the 3’ octopine synthase
transcriptional termination (ocs) region. To generate pART27-
Oakl, the Oakl expression cassette incorporating the Oakl
coding sequence and the flanking promoter and termination
regions was removed from pART7 as a single Notl fragment
and ligated directly into the T-DNA region of the binary vector
pART27 (18).

Transient Expression of Oakl in N. benthamiana—Agrobac-
terium tumefaciens C58C1 cells transformed with the pART27-
OaklI plasmid were grown in Luria Broth (LB) media containing
10 mm MES, 20 mM acetosyringone, 100 wg/ml spectinomycin,
and 20 ug/ml kanamycin at 28 °C. When the A, reached ~0.6
the cells were pelleted (2000 X g, 3 min, 4 °C) and resuspended
in an equal volume of MES buffer (10 mm MgCl,, 10 mm MES,
pH 5.6) supplemented with 200 wMm acetosyringone. The sus-
pension was maintained at room temperature for 2—3 h before
use. N. benthamiana leaves were infiltrated with the agrobac-
terium suspensions (agroinfiltration) as described (19).

Detection and Quantification of Cyclotide Proteins using
Matrix-assisted Laser Desorption lonization Time Of Flight
Mass Spectrometry (MALDI-TOF-MS)—Leaf extracts (1 mg/ml
or 0.1 mg/ml as indicated) were prepared in 50% CH;CN
(acetonitrile), 0.1% trifluoroacetic acid, and combined 1:1
(v/v) with the 4700 Proteomics Analyzer Calibration mixture
(1/400 dilution in 50% CH5CN, 0.1% trifluoroacetic acid;
Applied Biosystems) containing a selection of proteins of
known mass and concentration. This solution was combined
1:1 (v/v) with CHCA (a-cyano-4-hydroxycinnamic acid)
matrix (5 mg/ml in 50% CH;CN, 0.1% trifluoroacetic acid with
5 mMm ammonium phosphate) and spotted (0.6 ul) onto a 192-
well sample plate (Applied Biosystems). Mass analysis was car-
ried out on the 4700 Proteomics Analyzer (Applied Biosystems)
operated in positive ion reflector mode. Accelerating voltage
was set at 20,000 V, the grid voltage was set at 68% of the accel-
erating voltage, and a 200-ns delay time was used. The low mass
gate was set at 500 Da, and data were acquired between 1000
and 5000 Da. 50 spectra at 20 positions were accumulated per
spot. Data were analyzed on the accompanying 4000 series
Explorer Software.

For relative quantification, the ACTH (18 -39 clip) protein
from the calibration mixture (average M+H™ of 2,466.72) was
used as an internal standard relative to which the amount of
cyclotide proteins was measured. The relative quantity of the
cyclotide proteins was expressed as the ratio of the summed
areas of the first three isotopic peaks of the analytes (cyclotide
proteins) to the internal standard. To account for variations in
protein expression between plants the ratios were expressed as
a percentage of the total relative area of all the cyclotide pro-
teins detected.
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Characterization of Cyclotide Proteins Expressed in N.
benthamiana—Soluble extracts from N. benthamiana leaves 3
days postinfiltration (dpi) with pART27-Oakl in agrobacte-
rium were prepared in 50% CH,CN, 0.1% trifluoroacetic acid,
dried, and reduced in 0.1 m NH,HCO,, pH 8.5, with 10 mm
TCEP (tris(2-carboxyethyl)phosphine) at 55 °C under nitrogen
for 30 min. Reactions were quenched with formic acid and
desalted using C, 4 ZipTips (Millipore) for analysis by MALDI-
TOF MS.

Proteins extracted from N. benthamiana leaves 6 dpi in
MeOH were purified by reverse phase-high performance liquid
chromatography (RP-HPLC) and analyzed by MALDI-TOF
MS. Co-elution studies of kalata B1 isolated from O. affinis and
the 2892 Da protein from N. benthamiana were performed on
C,5 at 33% buffer B (90% CH;CN, 0.05% trifluoroacetic acid) in
0.05% trifluoroacetic acid. Proteins were reduced in 100 mm
TCEP for 10 min at 65 °C and 1 h at 37 °C and incubated with
trypsin (40 pug/ml in 0.1 M NH,HCO,, pH 8.5) for 2 h. The
solutions were desalted using ZipTips and analyzed by MALDI-
TOF MS. MS/MS fragmentation of the 2914.9 Da precursor ion
was performed on the MALDI-TOF 4700 Proteomics Analyzer
(Applied Biosystems) operated in positive ion reflector mode.
The masses of the y-series (C-terminal) fragment ions were
used to determine the partial sequence of the 2892 Da protein.

In planta Inhibitor Assay—Ac-YVAD-CHO (1 mm) or a
water (mock) control was infiltrated into N. benthamiana
leaves 1 h prior to infiltration of the same leaf area with
agrobacterium solutions harboring the OakI expression con-
struct, as described above. Eighteen hours after agroinfiltration
the same leaves were again infiltrated with the protease inhibi-
tor, and then repeatedly at 24-h intervals for the next 2 days.
Infiltrated leaf tissue was collected 3 days after agroinfiltration.
Infiltration of Ac-YVAD-CHO and water was conducted on
individual leaves of the same plants (n = 3). For each treatment
the leaf samples from the three different plants were pooled for
analysis.

Oakl Expression in VPE-silenced Plants—Virus-induced
gene silencing (VIGS) of VPE genes in N. benthamiana was
carried out with the potato virus X vector construct pPVX:
VPEla-2 described in Ref. 20 and the empty pPVX vector (21)
as a control. The viral vectors were transformed into A. tume-
faciens strain GV3101 and grown on LB-agar supplemented
with tetracyclin (20 ug/ml) and kanamycin (50 ug/ml) at 28 °C
for 2 days. Inoculation of 2-week-old N. benthamiana plants
was conducted by piercing the growing leaves with a toothpick
covered in the agrobacterium cells. The plants were kept under
short day conditions (8 h light/16 h dark) at 22 °C for 3 days and
then transferred to long day conditions (16 h light/8 h dark) at
26 °C. Six plants were inoculated with each viral vector. Four
weeks after inoculation two upper leaves on each plant were
agroinfiltrated with the OakI expression construct as described
above and maintained in long day conditions.

RT-PCR for Detection of VPE Expression—Total RNA was
prepared using the RNeasy plant RNA extraction kit (Qia-
gen). Reverse transcriptase (RT)-PCR was carried out using 1
g of RNA and Ready-to-go RT-PCR beads (Amersham Bio-
sciences) with an oligo-dT primer for cDNA synthesis
(Invitrogen). Gene expression was compared using 1 ul of
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FIGURE 2. Asparaginyl hydrolysis activity in the leaves of cyclotide-con-
taining plants. Leaf extracts from O. affinis (black) and V. tricolour (white)
were preincubated with a range of protease inhibitors before hydrolysis of
asparaginyl bonds was assayed using the fluorogenic substrate Z-AAN-mca.
Activity detected without the addition of protease inhibitors (control) was
standardized to 100%. The standard deviation from two independent exper-
iments is shown.

cDNA as a template for PCR with VPE, Oakl, and actin
(control) specific primer sets. The VPE (NbVPE common)
and actins primer sets have been described previously (20).
The EcoRI-MAKF and SLAA*BamHI primers described
above were used to amplify Oakl.

Immunoblot Analysis of Oakl Protein Expression—Immuno-
blot analysis was carried out essentially as described (22). Solu-
ble leaf extracts were prepared in 50% CH,CN, 0.1% trifluoro-
acetic acid, and the total protein concentration was
standardized using the BCA (bicinchoninic acid) protein assay
(Pierce). Aliquots of the samples were fractionated by SDS-
PAGE and electrophoretically transferred to nitrocellulose
membrane (Amersham Biosciences). The blotted membrane
was incubated with polyclonal antibodies raised against recom-
binant Oakl (1 mg/ml diluted 5000-fold). A 1/10,000-fold dilu-
tion of the Oakl antibody was used in the immunoblot of VIGS
plant extracts. Horseradish peroxidase-conjugated goat anti-
bodies against rabbit IgG (diluted 20,000-fold; Sigma Aldrich)
were used as secondary antibodies. Proteins were visualized
with an enhanced chemiluminescence kit (Amersham
Biosciences).

RESULTS

In Vitro AEP Activity—Protease activity capable of hydrolyz-
ing asparaginyl bonds was assessed in representative cyclotide-
containing Rubiaceae and Violaceae plants using the short pep-
tide substrate Z-AAN-mca. Hydrolysis of the asparaginyl bond
was detected in both O. affinis (Rubiaceae) and V. tricolour
(Violaceae) leaf extracts as an increase in fluorescence at 465
nm over time, following addition of the substrate. To determine
which class of protease(s) was responsible for this activity the
cleavage assay was conducted after the plant extracts had been
preincubated with a variety of inhibitors, each targeting a dif-
ferent subset of protease activities. As shown in Fig. 2 phenyl-
methylsulfonyl fluoride, pepstatin, and E-64 had no effect on
the ability of either the O. affinis or V. tricolour leaf extracts to
cleave the Asn-containing substrate, but the caspase-1 inhibi-
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tor Ac-YVAD-CHO and the specific AEP inhibitor Ac-ESEN-
CHO inhibited hydrolysis in a concentration-dependent man-
ner. The inhibition profile observed is characteristic of AEPs,
which belong to the CD clan of cysteine proteases (23, 24) and
indicated that AEP activity was responsible for Asn-bond
hydrolysis in cyclotide-containing plants.

AEP activity was also tested against cyclotide substrates.
Cyclic kalata B1 (KB1-c), linear kalata B1 (KB1-1) and a syn-
thetic protein corresponding to linear kalata B1 plus the C-ter-
minal tail region (KB1-tail) were incubated with a commercial
preparation of AEP from Jackbean (Canavalia ensiformis)
seeds (JB AEP) in the presence and absence of dithiothreitol. JB
AEP was used because it has been shown to catalyze peptide
ligation during the processing of the concanavalin A precursor
(25-27). Although JB AEP was active in vitro it only cleaved
asparaginyl bonds after reduction (and unfolding) of the sub-
strates (see supplemental data Fig. S1 and methods).

Circular Kalata Bl Is Produced by N. benthamiana—Cy-
clotide-containing plants are not ideal systems for the study of
cyclization. The plants are not amenable to genetic manipula-
tion, they endogenously accumulate very high levels of cycloti-
des (up to 2 mg/g wet plant weight; (28)) that mask small
changes in expression, and the processing events appear to
occur too rapidly to allow detection of the precursor protein
and protein intermediates. Alternatively we expressed Oakl in
N. benthamiana, a plant that does not endogenously produce
cyclotides and is not known to produce circular proteins, but
which contains two characterized AEPs (20). We infiltrated
A. tumefaciens harboring the pART27 binary vector encoding
Oakl (pART27-0akl) under the control of a >**S CaMV consti-
tutive promoter and ocs terminator into N. benthamiana
leaves. Mature cyclotide production was detected at 24-h inter-
vals using MALDI-TOF MS.

Expression of Oakl in N. benthamiana produced a suite of
proteins with masses corresponding to cyclic oxidized kalata B1
and what appeared to be linear forms of the cyclotide not com-
monly observed in O. affinis. None of these masses were
observed in uninfiltrated controls. As outlined in Fig. 34, the
masses detected correspond to linear kalata B1, linear kalata B1
minus the N-terminal Gly (—G) and linear kalata B1 plus the
successive addition of the Gly, Leu, Pro, and Ser residues that
constitute the C-terminal tail of Oakl (+G, +GL, +GLP etc.).
A MALDI-TOF mass spectrum of N. benthamiana leaves 3 dpi
is shown before and after treatment with the reducing agent
TCEP in Fig. 3B. Reduction caused the mass of each species to
increase by 6 Da, indicating that each contained 6 Cys residues
and was most likely an oxidized protein variant of kalata B1.

RP-HPLC and mass spectrometry were used to establish that
the 2892 Da mass species identified in N. benthamiana corre-
sponds to backbone-cyclized kalata B1. As shown in Fig. 4 the
2892 Da protein from N. benthamiana co-eluted with kalata B1
extracted from O. affinis on RP-HPLC (Fig. 4A), yielded the
same linear product after digestion with trypsin (Fig. 4B) and
had the same MS/MS fragmentation pattern as the control pro-
tein (Fig. 4C). RP-HPLC was also used to characterize the 2910
Da species, which corresponds in mass to both linear oxidized
kalata B1 and an N-terminally truncated —G/+G protein. Two
peaks of approximately equal area containing the 2910 Da mass
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FIGURE 3. Cyclotide production in N. benthamiana. A, amino acid
sequences of the putative cyclotide proteins produced in N. benthamiana
based on their masses. B, MALDI-TOF mass spectra of a N. benthamiana leaf
extract prepared 3 dpi with the Oak1 expression construct in agrobacterium
before and after reduction with TCEP. The species are labeled according to A.

were isolated from an N. benthamiana (6 dpi) extract by RP-
HPLC. One of these co-eluted with synthetic oxidized linear
kalata B1 while the other contained both —G (2853 Da) and
2910 Da mass species in approximately equal proportions. Con-
sequently we estimated that, at most, the ratio of the linear to
—G/+G species in N. benthamiana is 2:1. The 2910 Da mass is
hereinafter referred to as linear (—G/+QG).

A Time Course Analysis of Cyclization—We monitored the
progress of cyclotide production in N. benthamiana from 1-7
dpi. Fig. 5 shows the relative abundance of the cyclotide protein
species at 24-h intervals. At 2 dpi the most abundant species
present is + GLP. The linear (—G/+G), +G and +GL species
are also in high abundance but cyclic kalata B1 and the
N-terminal —G species are only present in low amounts.
Over the next several days the sequential tail species disap-
pear as the amount of —G and linear (—G/+@G) increases.
Although the amount of kalata Bl increases slightly during
this period it does not increase in proportion to the decrease
observed in the linear form. This suggests that in vivo linear
kalata B1 (which makes up a majority of the 2910 Da mass
peak) is being converted into the —G form rather than cyclic
kalata B1 and thus that the Asn residue is not itself sufficient
for cyclization.

VPE Inhibition Abolishes Circular Kalata BI Production—
The effect of AEP activity on Oakl processing in vivo was tested
using the caspase-1 inhibitor Ac-YVAD-CHO. Leaves of
N. benthamiana were infiltrated with Ac-YVAD-CHO or a
mock water control 1 h prior to agroinfiltration of the same
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FIGURE 4. Circular kalata B1 productionin N. benthamiana. A, co-elution of
the 2892 Da protein produced in N. benthamiana with native kalata B1 from
O. dffinis. Each protein, as well as a 1:1 mixture of the two was analyzed by
RP-HPLC. Each trace is shown at full scale. B, trypsin digestion of the 2892 Da
protein and native O. affinis kalata B1. The proteins were reduced in TCEP and
incubated with trypsin. A product 18 Da heavier than the starting material
was observed following the incubation. C, MS/MS sequencing of the trypsin-
digested proteins. The fragmentation fingerprints of both the 2892 Da pro-
tein (black) and native O. dffinis kalata B1 (gray) are shown overlaid. The pri-
mary structure of kalata B1 is represented in the inset using the one letter
amino acid code. The dashed arrow indicates the region of both proteins that
was sequenced from the C terminus using y-series fragment ions. Asterisks
denote fragment ions that were not detected.

leaves with the pART27-Oak! construct. After 18 h the prote-
ase inhibitor was re-applied to the leaves and again at 24-h
intervals for the next 2 days before the leaf samples were col-
lected. For each treatment infiltrated leaf material from three
plants was pooled for analysis. Protein extracts of the treated
leaves were prepared in 50% CH,CN, 0.1% trifluoroacetic acid
and subjected to immunoblotting with Oakl antibodies to
examine Oakl processing and MALDI-TOF MS to assess
cyclotide production. Similar levels of the Oak1 precursor and
two lower mass intermediates were detected in the Ac-YVAD-
CHO treated and control leaves, as shown in Fig. 64, suggesting
that initial processing events were not perturbed by the inhibi-
tor. By contrast, the production of cyclotide proteins differed
substantially between the samples (Fig. 68 and expanded in 6C).
Cyclic kalata B1 was not detected in leaves infiltrated with Ac-
YVAD-CHO and the distribution of the linear cyclotide pro-

OCTOBER 5, 2007 «VOLUME 282+NUMBER 40

AEP in Protein Cyclization

cyclic
linear
-G +G +GL +GLP +GLPS
0N — o tdei
2 dpi
Y | l i e
i l l 3 dpi
L b I
I 4 dpi
_L_L k A
l 5 dpi
4
6 dpi
4 W
7 dpi
_*,_L..LL <}
2800 m/z 3400

FIGURE 5. Time course analysis of cyclotide protein production in
N. benthamiana. Soluble protein extracts were prepared from N. benthami-
ana leaves 1-7 dpi with pART27-Oak1 in A. tumefaciens and adjusted to 1
mg/ml total protein. MALDI-TOF MS was used to identify kalata B1 proteins.
The mass peaks corresponding to the different kalata B1 forms are labeled as
in Fig. 3A. In each spectrum the most intense peak across the mass range
shown is set at 100% relative intensity.

teins was changed relative to the control, causing a shift away
from the short linear and + G proteins toward accumulation of
the longer +GLP species.

Silencing of VPE in N. benthamiana Decreases Production of
Circular Kalata BI—Virus-induced gene silencing (VIGS) was
used to generate N. benthamiana plants in which expression of
the major forms of AEPs, termed VPEs in N. benthamiana, was
suppressed. Silencing was targeted toward a region of cDNA
from N. benthamiana VPE-1a, which is conserved in the other
N. benthamiana AEP, VPE-1b (20). Plants were inoculated with
agrobacterium carrying the region of VPE cDNA encoded in an
antisense orientation in the potato virus X vector (pPVX:
VPE1la-2). Control plants were inoculated with the empty viral
vector pPVX and appeared phenotypically identical to the
silenced plants (Fig. 7A). Four weeks after inoculation, leaves of
both the silenced and control plants were agroinfiltrated with
the Oakl expression vector.
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Total RNA was extracted from infiltrated leaves and subject
to RT-PCR using a primer set targeting a region common to
both N. benthamiana AEPs. Weak VPE gene expression was
detected in the silenced plants but at lower levels than the
expression detected in the control plants (Fig. 7B). To deter-
mine whether the decrease in VPE expression was affecting
precursor production, Oakl! infiltrated leaf samples 3 dpi were
subject to immunoblot analysis with antibodies against Oakl.
Fig. 7C shows Oakl protein production in the six control plants
compared with the six silenced plants. A stark increase or
decrease in the amount of precursor was not characteristic of
either category.

To determine whether decreased VPE expression affects
cyclotide production we compared the amount of kalata B1 in
leaf extracts from VIGS plants 3 days after agroinfiltration of
Oakl, using MALDI-TOF MS. For each plant the area of the
cyclic kalata B1 mass peaks was calculated relative to an internal
standard protein (relative area), the ionization of which we have
found to be directly proportional to kalata B1 (data not shown).
Total cyclotide protein expression levels (total relative area) did
not vary significantly between the silenced and control plants
but a significant (p = =0.0001) decrease in cyclic kalata B1
production (>40%) was observed in the silenced plants com-
pared with the controls (Fig. 7D). As in the inhibitor studies, a
decrease in cyclic kalata B1 was accompanied by a relative
increase in the abundance of the longer linear cyclotide protein
species (Fig. 7E).

DISCUSSION

In this study we report that AEP activity is required for the
cyclization of cyclotides. Our findings suggest that AEP cata-
lyzes protein backbone cyclization by coupling asparaginyl
bond hydrolysis at the C terminus of the cyclotide domain with
peptide bond ligation. These results provide an initial insight
into the little understood but common phenomenon of protein
cyclization in eukaryotes. Naturally occurring circular proteins
are known to be particularly stable (29, 30) and there is evidence
that cyclization can improve the stability and function of nor-
mally acyclic proteins under physiological conditions, thereby
improving their applicability as drugs (31, 32). Knowledge of in
vivo biosynthesis of cyclotides therefore has the potential to
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FIGURE 6. Precursor processing and cyclotide production in N. benthamiana leaves infiltrated with an
AEP inhibitor. N. benthamiana leaves expressing Oak1 were repeatedly infiltrated with the Ac-YVAD-CHO
inhibitor or a water control over the course of 3 days. Soluble leaf extracts (1 mg/ml) from three plants were
subjected to immunoblotting (15 ng) with Oak1 antibodies (A) and MALDI-TOF MS (B). The kalata B1 cyclotide
protein masses were detected in each treatment but at different distributions. Kalata B1 species are identi-
fied = flanking residues. An expanded portion of the trace encompassing the mass range of linear and cyclic
kalata B1 is shown in C. No cyclic kalata B1 was detected in inhibitor infiltrated leaves.
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hydrolysis of asparaginyl bonds in
cyclotide-containing plants was cat-
alyzed by AEPs. Despite displaying
strict specificity toward asparaginyl
and, to a lesser extent, aspartyl
bonds AEPs do not target all Asn
(Asp) residues in a substrate (33,
34). For example A. thaliana yVPE
will cleave the fluorogenic substrates Ac-ESEN-mca and Ac-
YVAD-mca but not Ac-ESED-mca or Ac-DEVD-mca (35).
Given these differences it was not unexpected that JB VPE was
unable to cleave cyclotide substrates in their native oxidized
state. Instead we focused on in vivo approaches to analyzing
cyclization.

N. benthamiana does not endogenously produce cyclotides
and is not known to naturally produce other circular proteins.
Despite this, circular kalata B1 was detected in N. benthamiana
following the expression of the Oakl precursor in the leaves.
Our findings confirmed that the protein produced in
N. benthamiana contained a cyclized backbone with the same
disulfide connectivity and identical chromatographic proper-
ties as the native protein. Previous studies of kalata B1 folding
pathways (6, 36) have shown that the structure and disulfide
connectivity of cyclotide derivatives affect their retention times
on RP-HPLC. The co-elution of native oxidized kalata B1 with
kalata B1 produced in N. benthamiana under isocratic condi-
tions therefore indicates that the cyclotide produced in
N. benthamiana has the same three-dimensional fold as the
native protein. The ability of N. benthamiana to produce cor-
rectly folded circular proteins demonstrated that protein back-
bone cyclization is not a mechanistically unique process limited
to cyclotide-containing plants but rather that it has parallels to
a process already carried out in the plant.

Unlike the production of kalata B1 in O. affinis, where only
the circular protein is observed, expression of Oakl in
N. benthamiana yields circular kalata B1 as well as a series of
proteins comprising the linear cyclotide domain, or the linear
cyclotide domain minus an N-terminal Gly, plus C-terminal
residues from the tail region (GLPSLAA). All of the species
identified were in the oxidized state, indicating that formation
of the cystine knot occurs prior to C-terminal processing. From
1-7 dpi a progressive shift toward the shorter proteins was
observed, consistent with sequential C-terminal hydrolysis or
trimming of the longer linear proteins. Although it is not clear
that C-terminal trimming is involved in the endogenous pro-
duction of cyclotides, the incidence of the processing in
N. benthamiana provided us with a valuable opportunity to
analyze cyclization in vivo. By following the evolution of each
cyclotide species over several days (Fig. 5) it became evident
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FIGURE 7. Silencing of AEP activity decreases cyclic kalata B1 production.
VIGS was used to knock down VPE gene expression in N. benthamiana plants.
A, AEP-silenced and control plants 4 weeks after inoculation with the PVX
vectors. Top and side view. B, RT-PCR analysis of relative mRNA levels of VPE,
Oak1,and ACTIN (loading control) in leaves of VIGS plants agroinfiltrated with the
Oak1 construct. C, Oak1 immunoblot analysis of leaf extracts (20 ug) at 3 dpi.
Arrows show the Oak1 precursor protein and a lower molecular weight interme-
diate. D and E, quantification of cyclotide protein production in AEP-silenced and
control plants. Leaf extracts (0.1 mg/ml) were prepared from each plant (n = 6) at
3 dpi and sampled by MALDI-TOF MS in duplicate. D, relative area of kalata B1 in
each plant = S.D. Cyclic kalata B1 production was significantly lower in the AEP-
silenced plants (p < 0.0001). Significance (p < 0.05) was calculated using a Stu-
dent’s ttest. IS, internal standard. £, average production of each cyclotide species
produced in the silenced and control plants, represented as a percentage of total
cyclotide protein expression (% relative area).

that the shorter linear (—G/+G) and —@G species were being
produced from the longer linear forms at a much faster rate
than the production of circular kalata B1. This seemed to indi-
cate that the shorter species, including linear kalata B1, were
not acting as substrates for cyclization. Indeed at 3 dpi linear
kalata Bl was accumulating in the leaves at a level that far
exceeded the amount of circular kalata B1 produced and at a
much faster rate than it was possible to convert it to the aber-
rant —G form. This suggested that the asparaginyl bond is inte-
gral to the cyclization process and that cyclization is linked to
the hydrolysis of this bond.
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Alternatively, it is possible that linear kalata Bl is the sub-
strate for cyclization but that in N. benthamiana it is consumed
by an aberrant process before cyclization can take place.
Indeed, the removal of the N-terminal Gly appears to be such an
aberrant processing event, producing a protein form (—G) that
cannot be cyclized. However, the time course data does not
show that the N-terminal trimming process is competing with
cyclization for the linear substrate. If this were the case, the
linear form would be unlikely to accumulate at high levels in the
system and we would expect the —G form to be produced
before the circular form. This is because the N-terminal proc-
essing event would necessarily have to out compete the cycliza-
tion reaction to account for the high accumulation of —G over
time. Instead the circular form appears before the —G form in
the time course and does not increase in proportion to the
increase in the —G form, suggesting that the cyclization event
occurs prior to N-terminal trimming.

Both the application of the caspase-1 inhibitor Ac-YVAD-
CHO directly into leaves and VIGS of AEPs caused a decrease in
the levels of cyclic kalata B1 produced upon expression of Oakl
in N. benthamiana. The inhibition of AEP activity achieved by
the protease inhibitor abolished cyclic kalata B1 production
and caused a shift in the relative abundance of the linear
cyclotide proteins toward the longer +GLP species. Taking
into account the competing C-terminal trimming process
observed in N. benthamiana it would appear that the substrate
for cyclization is at least as long as the +GLP species. VIGS
directed toward the cDNA region of NbVPE-1a resulted in a
decrease in VPE mRNA levels indicative of partial suppression
of VPE expression in the silenced plants. Accordingly, a mod-
erate decrease in the level of cyclic kalata B1 produced in the
silenced plants was observed together with a less pronounced
shift toward the longer linear cyclotide species. Upstream proc-
essing of the Oakl precursor in N. benthamiana was not per-
turbed by either treatment, confirming that AEP activity was
restricted to the final stages of cyclotide processing.

It cannot be discounted that a decrease in AEP activity elicits
a decrease in cyclic kalata B1 production by an indirect path-
way. However, several findings point toward the direct involve-
ment of an AEP in the cyclization process. The activity assay
conducted in the presence of a range of enzyme inhibitors con-
firmed that as in N. benthamiana (20), asparaginyl bond
hydrolysis in cyclotide-containing plants is carried out by an
enzyme with characteristics of an AEP. Thus if cleavage of the
C-terminal Asn bond of cyclotides occurs, it is most likely car-
ried out by an AEP. This would account for the high conserva-
tion of this residue. An alternative possibility is that the con-
served Asn serves to terminate processing from the C terminus
by a carboxypeptidase and that cyclization occurs in a separate
process. However, the observation that linear kalata B1 does not
appear to be cyclized in vivo strongly implicates hydrolysis of the
asparaginyl bond by an endopeptidase in the cyclization process.
Finally, the accumulation of longer linear cyclotide species in
plants that have decreased AEP activity, together with the persist-
ence of the C-terminal trimming process, identifies the asparagi-
nyl bond in cyclotides as the site of enzyme action.

JB VPE catalyzes protein ligation of the ConA precursor by cou-
pling the reaction to asparaginyl bond hydrolysis (25, 27). In this
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transpeptidation event the energy released from peptide bond
hydrolysis is utilized for subsequent peptide bond formation. A
similar process occurs in the only other reported example of post-
translational peptide bond formation in eukaryotes, the re-ar-
rangement of antigenic peptides by the proteasome (37-39). It is
conceivable that cyclization of cyclotides occurs via the same
mechanism except rather than ligating two peptides together,
the ends of a single polypeptide chain are joined. We speculate
that in the Ac-YVAD-CHO-treated and VPE-silenced plants,
this transpeptidation was unable to occur. This allowed more
of the extended intermediate form (cyclotide plus tail) into the
C-terminal trimming pathway, causing a slight accumulation of
the longer truncated forms. The mechanism of processing that
occurs at the N terminus of the cyclotide domain to produce the
extended linear cyclization substrate remains unclear but must
occur prior to processing at the C-terminal Asn and cyclization.

In conclusion, cyclotides are a large and rapidly growing family
of plant proteins (40). We have shown that AEPs are implicated in
catalyzing cyclization in a post-translational event that appears to
couple the cleavage of an asparaginyl bond in a linear intermediate
with peptide bond formation. Efforts are currently underway to
identify the AEP involved in cyclization from a cyclotide-contain-
ing plant. The ability of an enzyme to catalyze the reverse of its
normal reaction when presented with a cyclizable substrate would
provide a mechanism for the evolution of circular proteins, driven
by their higher intrinsic stability compared with linear counter-
parts. The recent discovery of linear ancestors to cyclotides in eco-
nomically important cereal crops (41, 42) suggests that simple
mutations that introduce appropriately located Asn/Asp residues
are sufficient to drive the cyclization process, as opposed to whole-
sale changes to the biochemical machinery of organisms. Indeed
the identification of a pseudogene in humans whose peptidic prod-
uct prevents HIV infection (43), and is homologous to circular
antimicrobial defensins in monkeys (30) suggests that circular pro-
teins are probably more common than previously thought. Poten-
tially, any protein with termini in close proximity is cyclizable. The
current findings serve as the basis for new applications of protein
cyclization, with its attendant advantages, to the bioengineering of
proteins of medical and agricultural importance.
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