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Abstract: Cyclotides have attracted great interest as drug design scaffolds because of their unique
cyclic cystine knotted topology. They are classified into three subfamilies, among which the bracelet
subfamily represents the majority and comprises the most bioactive cyclotides, but are the most poorly
utilized in drug design applications. A long-standing challenge has been the very low in vitro folding
yields of bracelets, hampering efforts to characterize their structures and activities. Herein, we report
substantial increases in bracelet folding yields enabled by a single point mutation of residue Ile-11 to
Leu or Gly. We applied this discovery to synthesize mirror image enantiomers and used quasi-racemic
crystallography to elucidate the first crystal structures of bracelet cyclotides. This study provides
a facile strategy to produce bracelet cyclotides, leading to a general method to easily access their
atomic resolution structures and providing a basis for development of biotechnological applications.

Keywords: peptides; crystal structures; cyclic peptides; cyclotides; quasi-racemic crystallography

1. Introduction

Cyclotides are a large family of topologically unique peptides characterized by a
head-to-tail cyclic backbone and three interlocked disulfide bonds [1,2]. This combination
of structural features forms a cyclic cystine knot (CCK, Figure 1a) motif and confers
cyclotides exceptional stability [3]. Correct folding of their structures is thought to be
essential for cyclotides to carry out their natural plant defense functions against insects [4]
and pathogenic fungi [5], as well as many other bioactivities suited for applications in
agriculture and medicine [2]. The CCK motif forms a rigid framework that is highly tolerant
to amino acid substitutions, making cyclotides ideal structural scaffolds, whereby many
peptide pharmacophores have been grafted into one of the six backbone loops to design
stable drug leads [6–8].
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ders the main chain with a 180° twist [11]. As more cyclotides are being discovered, addi-
tional differences are being observed between the subfamilies, for instance, in the se-
quences of loops 2, 3, and 5, as shown in Figure 1c. 

 
Figure 1. Cyclotide topology, relative abundance of subfamilies, and sequence alignment of selected 
cyclotides. (a) Illustration of the cyclic cystine knot (CCK) motif that defines cyclotide topology. The 
yellow circles represent cysteine residues, labelled with Roman numerals according to their sequen-
tial order. (b) Bar chart showing the relative abundance of each subfamily. (c) Sequence alignment; 
orange and black lines represent disulfide bonds and the circular backbone, respectively. Cysteine 
residues are highlighted in yellow. The Pro residue in loop 5 of Möbius cyclotides that adopts a cis 
conformation is in red. The third residue in loop 2 of each sequence is thought to be essential for in 
vitro folding and is highlighted in pink (bracelet) or blue (Möbius). CyO2 and cyO9 are cycloviolacin 
O2 and O9, respectively. CyO2 and kalata B1 are prototypical members of the bracelet and Möbius 
subfamilies. Trypsin inhibitor cyclotide sequences are omitted for clarity. 

Since cyclotides were first reported two decades ago, studies on bracelet cyclotides 
have been hampered by their low synthetic yields because of poor oxidative folding effi-
ciency [12–14]. In the standard oxidative folding condition that is able to achieve complete 
folding of kalata B1 (kB1, the prototypical Möbius cyclotide) into the native state [15], 
cycloviolacin O2 (cyO2, the prototypical bracelet cyclotide) forms a heterogenous mixture 
of non-native species, with no native state achieved [14]. An optimized folding condition 
for cyO2 increased the yield to 40%, but this condition has not been tested on other brace-
let cyclotides and is a complex detergent-containing mixture that is potentially unsuitable 
for use at industrial scale [14]. Thus, bracelet cyclotides are still regarded as being syn-
thetically inaccessible, and, therefore, facile strategies to make them are still being sought. 

Here, we provide a way of overcoming the synthetic hurdle of producing bracelet 
cyclotides and show how this method opens opportunities to better understand them and 
facilitate the development of cyclotides as drug scaffolds. As a first step, we investigated 
approaches to obtaining X-ray structures of bracelet cyclotides. The structures of bracelet 
cyclotides have been extensively studied by NMR [16,17], but X-ray crystallography can 
provide higher resolution and more conclusive data on structural features such as the di-
sulfide bond connectivity and hydrogen bond network [18]. However, obtaining diffrac-
tion-quality crystals of cyclotides has been notoriously difficult until the recent emergence 
of racemic crystallography. This approach uses a mixture of an L-peptide and its mirror 
image to increase the chance of obtaining crystals compared to studying the L-form alone 
[19,20]. It was recently used to obtain an atomic resolution structure of the Möbius cyclo-
tide kB1 [21]. By contrast, there has been no X-ray structure of any bracelet cyclotide be-
cause the difficulty of their chemical synthesis has precluded their production.  

In this study, we report a single mutation in loop 2 that enables bracelet cyclotides to 
fold efficiently in vitro. This discovery was inspired by an alanine mutagenesis study of 
kB1 that showed the third residue in loop 2 (Gly-12) is important for its in vitro folding as 
Gly can adopt the positive φ-angle efficiently compared to residues with a longer side 
chain [9]. We found that when the loop 2 Ile is mutated to Gly, bracelet cyclotides could 
be folded with high yield, albeit with loss of activity. When the Ile was mutated to Leu 
instead, bioactivity was retained. Using this I11L mutation, we synthesized all D-enantio-

Figure 1. Cyclotide topology, relative abundance of subfamilies, and sequence alignment of selected
cyclotides. (a) Illustration of the cyclic cystine knot (CCK) motif that defines cyclotide topology.
The yellow circles represent cysteine residues, labelled with Roman numerals according to their
sequential order. (b) Bar chart showing the relative abundance of each subfamily. (c) Sequence
alignment; orange and black lines represent disulfide bonds and the circular backbone, respectively.
Cysteine residues are highlighted in yellow. The Pro residue in loop 5 of Möbius cyclotides that
adopts a cis conformation is in red. The third residue in loop 2 of each sequence is thought to be
essential for in vitro folding and is highlighted in pink (bracelet) or blue (Möbius). CyO2 and cyO9
are cycloviolacin O2 and O9, respectively. CyO2 and kalata B1 are prototypical members of the
bracelet and Möbius subfamilies. Trypsin inhibitor cyclotide sequences are omitted for clarity.

Cyclotides are divided into three subfamilies: bracelet, Möbius, and trypsin inhibitor
subfamilies (Figure 1b). Of these, bracelet cyclotides are the most common, representing
around two-thirds of all cyclotides discovered so far. However, structure–activity relation-
ship studies have been based almost exclusively on Möbius cyclotides [9,10] because of
their more facile synthesis. The structural feature used to distinguish bracelet from Möbius
cyclotides is a cis-Pro in loop 5, which is present only in Möbius cyclotides and renders
the main chain with a 180◦ twist [11]. As more cyclotides are being discovered, additional
differences are being observed between the subfamilies, for instance, in the sequences of
loops 2, 3, and 5, as shown in Figure 1c.

Since cyclotides were first reported two decades ago, studies on bracelet cyclotides
have been hampered by their low synthetic yields because of poor oxidative folding
efficiency [12–14]. In the standard oxidative folding condition that is able to achieve
complete folding of kalata B1 (kB1, the prototypical Möbius cyclotide) into the native
state [15], cycloviolacin O2 (cyO2, the prototypical bracelet cyclotide) forms a heterogenous
mixture of non-native species, with no native state achieved [14]. An optimized folding
condition for cyO2 increased the yield to 40%, but this condition has not been tested on
other bracelet cyclotides and is a complex detergent-containing mixture that is potentially
unsuitable for use at industrial scale [14]. Thus, bracelet cyclotides are still regarded as
being synthetically inaccessible, and, therefore, facile strategies to make them are still
being sought.

Here, we provide a way of overcoming the synthetic hurdle of producing bracelet
cyclotides and show how this method opens opportunities to better understand them
and facilitate the development of cyclotides as drug scaffolds. As a first step, we investi-
gated approaches to obtaining X-ray structures of bracelet cyclotides. The structures of
bracelet cyclotides have been extensively studied by NMR [16,17], but X-ray crystallogra-
phy can provide higher resolution and more conclusive data on structural features such
as the disulfide bond connectivity and hydrogen bond network [18]. However, obtaining
diffraction-quality crystals of cyclotides has been notoriously difficult until the recent
emergence of racemic crystallography. This approach uses a mixture of an L-peptide and
its mirror image to increase the chance of obtaining crystals compared to studying the
L-form alone [19,20]. It was recently used to obtain an atomic resolution structure of the
Möbius cyclotide kB1 [21]. By contrast, there has been no X-ray structure of any bracelet
cyclotide because the difficulty of their chemical synthesis has precluded their production.

In this study, we report a single mutation in loop 2 that enables bracelet cyclotides to
fold efficiently in vitro. This discovery was inspired by an alanine mutagenesis study of
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kB1 that showed the third residue in loop 2 (Gly-12) is important for its in vitro folding
as Gly can adopt the positive ϕ-angle efficiently compared to residues with a longer side
chain [9]. We found that when the loop 2 Ile is mutated to Gly, bracelet cyclotides could be
folded with high yield, albeit with loss of activity. When the Ile was mutated to Leu instead,
bioactivity was retained. Using this I11L mutation, we synthesized all D-enantiomers
of I11L mutants of bracelet cyO2 from Viola odorata and bracelet hyen D from Hybanthus
enneaspermus [22,23]. These mutants were mixed with wild-type cyO2 and hyen D to
determine atomic resolution structures by quasi-racemic crystallography.

2. Results and Discussion
2.1. Substitution of Ile-11 to Gly or Leu Increases Folding Yield of Bracelet Cyclotides

To explore the effect of substituting the Ile residue in loop 2 to Gly, we first introduced
the mutation into cyO2, which is considered a prototypical bracelet cyclotide and is one
of the most studied [14,24–26]. It is also the most common bracelet in the Violaceae plant
family, one of the five plant families known to produce cyclotides [1,22,27–29]. Following
standard cyclotide synthesis procedures, the [I11G]cyO2 mutant was assembled as a linear
amino acid chain and its termini were ligated to produce the cyclic reduced form. The
cysteine residues were then oxidized under the folding condition commonly used for kB1,
which comprises a mixture of an alkaline buffer, isopropanol, and redox agents [15]. Re-
markably, the point mutation of Ile to a smaller residue led to a significant improvement in
folding yield from negligible amounts for cyO2 to over 50% for the mutant cyO2 (Table 1).

Table 1. Sequence and folding yield (%) of selected bracelet cyclotides and their mutants.

Peptide Name Amino Acid Sequence Folding Yield (%)

cyO2 GIPCGESCVWIPCISSAIGCSCKSKVCYRN negligible
[I11G]cyO2 GIPCGESCVWGPCISSAIGCSCKSKVCYRN 51.6
[I11L]cyO2 GIPCGESCVWLPCISSAIGCSCKSKVCYRN 30.8

cyO9 GIPCGESCVWIPCLTSAVGCSCKSKVCYRN 8.2
[I11G]cyO9 GIPCGESCVWGPCLTSAVGCSCKSKVCYRN 59.2
[I11L]cyO9 GIPCGESCVWLPCLTSAVGCSCKSKVCYRN 27.3

hyen D GFPCGESCVYIPCFTAAIGCSCKSKVCYKN negligible
[I11G]hD 1 GFPCGESCVYGPCFTAAIGCSCKSKVCYKN 57.3
[I11L]hD 2 GFPCGESCVYLPCFTAAIGCSCKSKVCYKN 44.7

kB5 GTPCGESCVYIPCISGVIGCSCTDKVCYLN negligible
[I11G]kB5 GTPCGESCVYGPCISGVIGCSCTDKVCYLN 50.5
[I11L]kB5 GTPCGESCVYLPCISGVIGCSCTDKVCYLN 13.3

1 [I11G]hD = [I11G]hyen D. 2 The folding of [I11L]hyen D ([I11L]hD) was optimized to explore the best folding
yield this mutant can achieve, whereas the other peptides were folded using the standard cyclotide folding
condition (0.1 M ammonium bicarbonate, 50% isopropanol, 2 mM GSH, and 0.4 mM GSSG, pH 8.0).

This mutation was subsequently introduced into three other bracelet cyclotides, i.e.,
cycloviolacin O9 (cyO9), hyen D, and kalata B5 (kB5), to explore whether it might have
broader utility for improving synthetic yields. These peptides were chosen because they
all contain an Ile at position 11 and exhibit varying and increasing sequence differences
compared to cyO2. Specifically, these differences are in loop 3 for cyO9, loops 2, 3, and
6 for hyen D, and loops 2, 3, 5, and 6 for kB5, as indicated in Figure 1 and Table 1. For
all three bracelet cyclotides, the replacement of Ile-11 with Gly unequivocally increased
folding yields. As detailed in Table 1, folding yields increased from low (8.2% for cyO9) or
negligible amounts (hyen D and kB5) to over 50%.

Since Ile-11 appears to be critical for folding of bracelet cyclotides, it was of interest to
explore the capacity of this position to tolerate another branched residue, Leu. Surprisingly,
the four [I11L] mutants exhibited yields from 13%–44%, which is lower than that of the
[I11G] mutants but still substantially higher than that obtained from the native parent
peptides (Table 1). A single folding condition was used to allow for a fair comparison of
the effect of the Ile to Leu or Gly substitution across different cyclotides. Detailed oxidative
folding traces showing conversion from reduced to oxidized states of all mutants are
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provided as Figure S1 in Supplementary Material. We confirmed the oxidized mutants
could adopt the native structure by purifying them from the folding mixture (analytical
HPLC traces displaying high purity, shown in Figure S2 in Supplementary Material) and
then comparing their NMR chemical shifts to those of their native counterparts, as shown
in Figure S3 in Supplementary Material. No significant Hα chemical shift perturbations
were observed, demonstrating that all mutants adopted the correct fold.

Overall, our analyses of the Gly and Leu mutants showed that significant increases
in the folding yield compared to the wild-type sequences can be achieved. Based on our
survey of four different bracelet cyclotides, we speculated that this single substitution
might have broader utility. Indeed, the recently discovered bracelet cyclotide hedyotide
B1 from Hedyotis biflora, which has a Leu residue in loop 2, has a folding yield of 48%.
Although the folding buffer used in that study contains more isopropanol (70% v/v) than
used here, it corroborates our findings [30]. Our results also suggest that the size and/or
flexibility at residue 11 is a critical factor governing bracelet cyclotide folding. Gly residues
are smaller and more conformationally flexible than Leu, and Leu is methyl γ-branched
and, thus, more flexible than β-branched Ile, which might explain why the Gly mutants
fold the most efficiently of the three sequences followed by the Leu mutants and the
Ile-containing wild-type cyclotides.

2.2. Leu Mutants Are as Active as the Wild-Type Bracelet Cyclotides

Cyclotides are reported to exert their biological activities via membrane binding,
particularly by selective binding to lipids containing phosphatidylethanolamine (PE)
headgroups [31,32]. Therefore, to evaluate the functional impact of the single muta-
tion on bracelet cyclotides, the membrane-binding ability of these variants towards PE-
containing lipid bilayers was examined using surface plasmon resonance (SPR). The model
membrane comprising 80% 1-palmitoyloleoyl-phosphatidylcholine (POPC) and 20% 1-
palmitoyloleoyl-phosphatidylethanolamine (POPE) was used. Binding affinity was evalu-
ated by the peptide-to-lipid maximum binding value (P/L max, mol/mol) and the peptide
concentration required to achieve half-maximum binding at equilibrium (KD value, µM).
As shown in Table 2, all [I11G] mutants did not bind the model membrane at peptide
concentrations up to 128 µM, except [I11G]hD, which showed an 18-fold weaker affinity
to membranes compared to its parent peptide. The negative effect of the [I11G] bracelet
cyclotide mutation on lipid binding was expected, as the mutation reduces surface hy-
drophobicity, a previously reported determinant of membrane binding [33,34]. The SPR
dose-response curves and sensorgrams are shown in Figure S4 in Supplementary Material.

Table 2. Cytotoxicity and membrane-binding properties of bracelet cyclotides and their mutants.

Peptide Names
POPC/POPE (80:20)

CC50
1 on HeLa (µM) 2

P/L Max (mol/mol) KD (µM)

cyO2 0.28 ± 0.00 3.90 ± 0.11 1.05 ± 0.06
[I11G]cyO2 n.b. 3 n.a. 4 >64
[I11L]cyO2 0.31 ± 0.01 4.71 ± 0.17 0.95 ± 0.08

cyO9 0.30 ± 0.01 4.83 ± 0.17 2.35 ± 0.13
[I11G]cyO9 n.b. n.a. >64
[I11L]cyO9 0.31 ± 0.00 4.26 ± 0.06 1.06 ± 0.03

hyen D 0.37 ± 0.01 4.48 ± 0.17 0.85 ± 0.03
[I11G]hD 0.24 ± 0.01 81.0 ± 7.91 50.2 ± 4.61
[I11L]hD 0.36 ± 0.01 4.39 ± 0.50 0.70 ± 0.02

kB5 0.22 ± 0.00 5.02 ± 0.17 3.11 ± 0.20
[I11G]kB5 n.b. n.a. >64
[I11L]kB5 0.22 ± 0.00 4.95 ± 0.12 4.31 ± 0.48

1 CC50: half maximum cytotoxic concentration; 2 data are mean ± SEM; 3 n.b., no binding was observed at tested
concentrations; 4 n.a., not available.
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Contrary to the [I11G] results, the [I11L] mutants exhibited equipotent binding to the
POPC/POPE (80:20) model membrane compared to their wild-type counterparts (Table 2).
This result is consistent with the hypothesis that hydrophobicity is important for bracelet
membrane binding. To further confirm the activity of these mutants, their cytotoxicity
against HeLa cancer cells was evaluated along with wild-type bracelet cyclotides. As shown
in Table 2, [I11L] mutants exhibited similar or slightly higher cytotoxicity compared to their
parent cyclotides, whereas the [I11G] mutants had substantially reduced or no activity,
which correlates well with their membrane binding. Of the four [I11G] mutants, the hyen
D analogue had the highest activity, possibly because hyen D has one more hydrophobic
residue in loop 3 compared to the other three cyclotides, which may contribute to its higher
lipid-binding capacity (P/L max = 0.37) and help offset the hydrophobicity loss caused
by the [I11G] mutation. The cytotoxicity dose-response curves of all mutants are shown
in Figure S4. Overall, these results confirmed that the [I11L] mutants retain the biological
properties of their native bracelet cyclotides. This is significant because it suggests that the
[I11L] mutants could potentially replace wild-type cyclotides in agrochemical or therapeutic
applications as the wild-type cyclotides are among the most potent nematocidal [35], anti-
fungi [5], and anticancer cyclotides reported to date [22,36].

2.3. High-Resolution Structures of Bracelet Cyclotides Can Be Determined by
Quasi-Racemic Crystallography

The ability to produce bracelet cyclotides, albeit single point mutants, at workable
yields means we can now synthesize the D-isomers of bracelet mutants in a cost-effective
way, which can facilitate structural determination of native bracelet cyclotides by quasi-
racemic crystallography, a modification of racemic crystallography [20,21]. As reported
previously, having the exact mirror image of a peptide is not essential to capture the benefits
of a true racemic mixture in facilitating crystallization, and a near mirror image can often
be used instead. Therefore, D-enantiomers of [I11L]cyO2 and [I11L]hD were chemically
synthesized and used for quasi-racemic crystallization to determine structures of cyO2
and hyen D. The mirror-image symmetry of D-[I11L]cyO2 with L-cyO2 and D-[I11L]hD
with L-hyen D was confirmed using circular dichroism (CD). As shown in Figure 2, the
CD spectra of the D-enantiomers showed equal but opposite optical rotation to their
corresponding native cyclotides despite being not exact mirror images in sequence. When
the pair of peptides was mixed in equal ratio, the circular dichroism signals of both were
neutralized by each other (dashed lines).
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The crystal structure of the quasi-racemate of wild-type cyO2 was solved in space 
group P1 21 1 at 1.17 Å resolution. The crystallization statistics are summarized in Table 
S1. Figure 3a shows the packing of L-cyO2 and D-[I11L]cyO2 in the unit cell, which con-
tains two molecules of each peptide. The structure of cyO2 displays a small α-helix cen-
tered in loop 3 and a triple-strand β-sheet located in loops 4, 5, and 6 (Figure 3b). The inset 

Figure 2. Circular dichroism (CD) spectra of the synthetic D-enantiomers and native (L-) bracelet
cyclotides. (a) CD spectra of L-cyO2 (pink) and D-[I11L]cyO2 (blue) at 50 µM, and their mixture in
equal ratio, in dashed line (purple). (b) CD spectra of L-hyen D (green) and D-[I11L]hD (orange) at
50 µM, and their mixture in equal ratio, in dashed line (yellow).

The crystal structure of the quasi-racemate of wild-type cyO2 was solved in space
group P1 21 1 at 1.17 Å resolution. The crystallization statistics are summarized in Table S1.
Figure 3a shows the packing of L-cyO2 and D-[I11L]cyO2 in the unit cell, which contains
two molecules of each peptide. The structure of cyO2 displays a small α-helix centered
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in loop 3 and a triple-strand β-sheet located in loops 4, 5, and 6 (Figure 3b). The inset of
Figure 3b shows the disulfide connectivity of cyO2 is well defined by the electron density
and confirms it forms the cystine knot topology, the structure of which is key to the
ultrastability of cyclotides.
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Overall, the structure of cyO2 determined here using crystallography is similar to the
solution structure previously determined by NMR spectroscopy (Figure 3b, left panel) [26],
validating the quasi-racemic crystallography approach for structure elucidation of bracelet
cyclotides. However, there are some notable differences. For instance, the II-V disulfide
bond exhibited different conformations. Cystine residue conformations are considered
more accurate in X-ray structures than those determined by NMR spectroscopy. The chal-
lenge in NMR spectroscopy is that methods to obtain experimental data on cystine residue
dihedral angles can be subjective and time-consuming, leading to inaccuracies in the three-
dimensional structure. This might explain why the hydrogen bond networks differ between
the two cyO2 structures, with hydrogen bonds observed in the NMR structure but not in
the crystal structure, e.g., between Lys-25 and Val-9. Another reason for these differences
is because of sample artefacts, with the peptides being tightly packed in crystals used for
X-ray structure determination but freely diffusing in solution in NMR spectroscopy. De-
spite these differences, it is clear the crystal structures provide complementary information
to increase our understanding of the structures of bracelet cyclotides.

We determined the crystal structure of another native bracelet cyclotide, hyen D, using
the Ile-11 to Leu mutation and quasi-racemic crystallography to show the power of the
approach. As shown in Figure 4a, the structure was solved in space group P1 21 1 and
the unit cell comprises two pairs of hyen D and D-[I11L]hD. At 1.35 Å resolution, the
structure is well defined, with the disulfide connectivity clearly confirmed to be that of the
cystine knot (Figure 4b). Comparison of the crystal structures of hyen D (PDB ID: 7RIH)
with cyO2 showed similarities in structure, including the presence of a short 310 helix in
loop 3 (Figure S5 from Supplementary Material). We also identified several residues that



Molecules 2021, 26, 5554 7 of 13

participate in conserved hydrogen bonds that stabilize the structure of bracelet cyclotides.
For example, the second residue in loop 3, which is usually either a Ser or Thr, is involved
in hydrogen bonds with residues within the same loop and with the sidechain of Glu
in loop 1.
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To gain more insight into the differences between bracelet and Möbius cyclotides and
why they might have different folding yields, the crystal structures of cyO2 and kB1 were
compared (Figure 5) [21]. Between the two peptides, the hydrogen bond network exhibited
differences. Specifically, kB1 has more hydrogen bonds between different loops. We note,
in particular, the hydrogen bond between Val-10 (loop 2) and Trp-23 (loop 5), for which
an equivalent hydrogen bond to connect loop 2 to 5 is not present in cyO2. The presence
of these additional hydrogen bonds might promote correct folding of kB1 compared to
cyO2 by stabilizing intermediate states or reducing the folding free energy of the native
state. The importance of the Trp-23 residue is supported by the previous site-directed
mutagenesis study of kB1, which showed that folding yield decreased markedly after it
was mutated to Ala [9].
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Figure 5. Comparison of the hydrogen bond network between cyO2 (this work, PDB ID: 7RMQ) and
kB1 (PDB ID: 4TTM). Disulfide bonds are shown as yellow sticks. (a) Schematic representation of the
structure and hydrogen bond network of cyO2. Secondary structures are highlighted as black arrows
and ribbon. Hydrogen bonds are illustrated as gray dashed arrows. (b) Schematic representation
of the structure and hydrogen bond network of kB1. Cysteine residues are labelled with Roman
numerals in sequential order.

2.4. Racemic and Quasi-Racemic Crystal Structures of Ile-11 Mutant Bracelet Cyclotides

Having determined the crystal structures of wild-type cyO2 and hyen D, we were
interested in definitively showing their Ile-11 to Gly and Leu mutants have native-like
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structures to support our earlier NMR chemical shift analysis. Their structures were solved
using racemic or quasi-racemic crystallography. Figure 6a,b shows the unit cells for the
crystal structures of [I11L]cyO2 (PDB ID: 7RMR) and [I11G]cyO2 (PDB ID: 7RMS), respec-
tively. Both structures align well with that of cyO2 (Figure 6c,d, respectively) and exhibit
only minor differences in the backbone conformation of loop 2 and side chains of some
residues, including Trp-10 and Pro-12. Figure 7a,b shows the crystal structures of [I11L]hD
and [I11G]hD, respectively. The [I11L]hD (PDB ID: 7RII) was solved in space group Pı̄,
while [I11G]hD (PDB ID: 7RIJ) was in P1 (Figure S6). Like the case of cyO2 mutants,
[I11L]hD and [I11G]hD structures only exhibited minor differences in the mainchain and
sidechain conformations, confirming both Leu and Gly substitutions are well tolerated by
the bracelet fold.
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Figure 6. Racemic and quasi-racemic crystallography of [I11L]cyO2 (7RMR) and [I11G]cyO2 (7RMS).
(a) Unit cell of the true racemate of [I11L]cyO2 in space group P1 21 1 with ribbon representations
of the cyclic peptide molecules. The L-enantiomers are in blue and D-enantiomers in white. The
disulfide bonds are shown as yellow sticks. (b) Unit cell of quasi-racemate of [I11G]cyO2 in space
group P1 21 1. The [I11G]cyO2 is shown in lemon and D-[I11L]cyO2 in white. (c) Superimposition of
cyO2 (pink) with [I11L]cyO2 (blue). The Ile and Leu residues in loop 2 are highlighted in the circle.
(d) Superimposition of cyO2 (pink) with [I11G]cyO2 (lemon). The Ile and Gly residues in loop 2 are
highlighted in the circle.

Molecules 2021, 26, x FOR PEER REVIEW 8 of 13 
 

 

2.4. Racemic and Quasi-Racemic Crystal Structures of Ile-11 Mutant Bracelet Cyclotides 
Having determined the crystal structures of wild-type cyO2 and hyen D, we were 

interested in definitively showing their Ile-11 to Gly and Leu mutants have native-like 
structures to support our earlier NMR chemical shift analysis. Their structures were 
solved using racemic or quasi-racemic crystallography. Figure 6a,b shows the unit cells 
for the crystal structures of [I11L]cyO2 (PDB ID: 7RMR) and [I11G]cyO2 (PDB ID: 7RMS), 
respectively. Both structures align well with that of cyO2 (Figure 6c,d, respectively) and 
exhibit only minor differences in the backbone conformation of loop 2 and side chains of 
some residues, including Trp-10 and Pro-12. Figure 7a,b shows the crystal structures of 
[I11L]hD and [I11G]hD, respectively. The [I11L]hD (PDB ID: 7RII) was solved in space 
group Pī, while [I11G]hD (PDB ID: 7RIJ) was in P1 (Figure S6). Like the case of cyO2 mu-
tants, [I11L]hD and [I11G]hD structures only exhibited minor differences in the mainchain 
and sidechain conformations, confirming both Leu and Gly substitutions are well toler-
ated by the bracelet fold. 

 
Figure 6. Racemic and quasi-racemic crystallography of [I11L]cyO2 (7RMR) and [I11G]cyO2 
(7RMS). (a) Unit cell of the true racemate of [I11L]cyO2 in space group P1 21 1 with ribbon represen-
tations of the cyclic peptide molecules. The L-enantiomers are in blue and D-enantiomers in white. 
The disulfide bonds are shown as yellow sticks. (b) Unit cell of quasi-racemate of [I11G]cyO2 in 
space group P1 21 1. The [I11G]cyO2 is shown in lemon and D-[I11L]cyO2 in white. (c) Superimpo-
sition of cyO2 (pink) with [I11L]cyO2 (blue). The Ile and Leu residues in loop 2 are highlighted in 
the circle. (d) Superimposition of cyO2 (pink) with [I11G]cyO2 (lemon). The Ile and Gly residues in 
loop 2 are highlighted in the circle. 

 
Figure 7. Racemic and quasi-racemic crystallography of [I11L]hD (7RII) and [I11G]hD (7RIJ). (a) 
Superimposition of hyen D (green) with [I11L]hD (orange). The Leu and Ile residues in loop 2 are 

Figure 7. Racemic and quasi-racemic crystallography of [I11L]hD (7RII) and [I11G]hD (7RIJ).
(a) Superimposition of hyen D (green) with [I11L]hD (orange). The Leu and Ile residues in loop 2 are
highlighted in the circle. (b) Superimposition of hyen D (green) with [I11G]hD (hot pink). The Ile
and Gly residues in loop 2 are highlighted in the circle.
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3. Materials and Methods
3.1. Plant Materials and Cyclotide Isolation

Hybanthus enneaspermus, Viola odorata, and Oldenlandia affinis were grown in the
glasshouse at the University of Queensland. Crude plant extracts were prepared in 50%
MeCN (with 1% formic acid), filtered, and lyophilized. The extracts were fractionated using
a Strata C18-E solid phase extraction (SPE) cartridge (with 20%, 50%, and 80% MeCN); the
fraction eluted with 50% MeCN was collected and lyophilized. Hyen D (H. enneaspermus),
cyO2 and cyO9 (V. odorata), and kB5 (O. affinis) were isolated from the 50% MeCN fractions
using preparative and semi-preparative reversed-phase high-performance liquid chro-
matography (RP-HPLC) to >95% purity. The molecular integrity and purity of peptides
were examined using LC/MS (LCMS-2020, Shimadzu, Kyoto, Japan).

3.2. Selected Bracelet Cyclotides’ Synthesis and Folding

All cyclotide variants were synthesized using Fmoc-based solid-phase peptide synthe-
sis, as described previously [37]. The linear precursors with sidechain protecting groups
were assembled on 2-chlorotrityl chloride resin using an automated peptide synthesizer
(Symphony®, Protein Technologies, Tucson, Arizona), and then were cleaved from the
resin using 1% TFA in dichloromethane. The sidechain protected linear precursors were
subsequently head-to-tail cyclized in solution using hexafluorophosphate azabenzotriazole
tetramethyl uronium in the presence of N, N-diisopropylethylamine in dimethylformamide
for 6 h. Finally, the sidechain deprotection was carried out in a mixture of triisopropy-
lsilane:H2O:TFA (2:2:96, v/v/v) and stirred for 2.5 h. The crude cyclic peptides were
purified via RP-HPLC and were folded under a set of folding conditions with a mixture
of isopropanol and 0.1 M ammonium bicarbonate (pH 8.5) supplemented with 2 mM
reduced glutathione and 0.8 mM oxidized glutathione. The correctly folded cyclotide
variants were purified using RP-HPLC to >95% purity determined by analytical HPLC
(Figure S2). The yield of peptides with native-like conformation was calculated by com-
paring the peak area of the folded peptide to the total area of reduced peptide obtained
from analytical RP-HPLC. The final peptide quantities were 2.2, 2.7, 2.5, and 1.2 mgs
for [I11L]cyO2, [I11L]cyO9, [I11L]hD, and [I11L]kB5 and 4.3, 5.8, 3.5, and 2.8 mgs for
[I11G]cyO2, [I11G]cyO9, [I11G]hD, and [I11G]kB5, individually.

3.3. Cytotoxicity Study

The cytotoxicity of the peptides was evaluated using the resazurin assay, as de-
scribed previously [22]. HeLa cells were seeded at 5000 cells/well in a 96-well, flat-
bottomed plate one day prior to the experiments. Peptide solutions were prepared in
water and incubated with HeLa cells at concentrations ranging from 16 to 0.125 µM or
8 to 0.063 µM in triplicate (final concentrations). Water and 1% Triton X-100 (TX) were
applied as negative and positive control, respectively. After 24-h incubation, 10 µL of
resazurin (0.05%, w/v) was added and incubated with cells for another 18 h. The ab-
sorbance was measured at 540 and 620 nm on a microplate reader (Infinite M1000 Pro
microplate reader, Tecan, Switzerland). The percentage of cell death was quantified by cal-
culating the absorbance ratio, R (R = absorbance at 620/540), and applying the following
equation: % Cell death = (Rsample − RH2O)/(RTX − RH2O) × 100. Data were analyzed with
GraphPad Prism software (version 8.3.1) using Specific binding with Hill slope algorithm.

3.4. Membrane-Binding Evaluation Using Surface Plasmon Resonance

The binding affinity of bracelet cyclotides and their variants toward lipid bilayers was
studied using SPR, as described previously [38]. Two synthetic lipids, 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), were purchased from Avanti Polar Lipids (USA). Briefly, homogenous, small, unil-
amellar vesicles composed of POPC/POPE (80:20, mol/mol) were obtained by extruding
the vesicle suspension through a 50-nm pore size polycarbonate membrane. L1 sensor
chips and BIAcore T200 instrument were used (Cytiva, Marlborough, MA, USA). After
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the lipid was loaded and formed a bilayer membrane on the L1 chip, peptide solutions
were injected over the lipid surface for 180 s and the dissociation was monitored for 600 s.
Peptides were tested at concentrations ranging from 4–32 µM. Peptide-to-lipid molar ratio
and KD values were calculated by nonlinear regression using GraphPad Prism software
(version 8.3.1). Peptide solutions and lipid vesicles were prepared in HEPES buffer (10 mM
HEPES, 150 mM NaCl, pH 7.4, filtered) for SPR studies.

3.5. Circular Dichroism (CD)

CD spectra of cyO2, hyen D, and the D-enantiomers of [I11L]cyO2 and [I11L]hD were
required in water at 50 µM with a 0.1-cm path length quartz cell at room temperature.
CD spectra were recorded by accumulating five scans, from 185 to 260 nm using a CD
spectro-polarimeter (Jasco J-810). The molar ellipticity was calculated using the following
equation: [θ] = θ/(c × l × 10) (degrees. cm2. decimole−1), where θ is the value of ellipticity
given by the instrument (millidegrees), c is the concentration of the cyclotide solution in
molar units, and l is the optical path length of the cuvette in centimeters (0.1).

3.6. Peptide Crystallization

Lyophilized pure peptides, L-cyO2, L- and D-[I11L]cyO2, L-[I11G]cyO2, L-hyen D,
L- and D-[I11L]hD, and L-[I11G]hD, were dissolved in water. Six peptide mixtures were
prepared as follows: a quasi-racemic cyO2 solution composed of L-cyO2 and D-[I11L]cyO2
(2 mg/mL); a racemic [I11L]cyO2 solution composed of L- and D-[I11L]cyO2 (2 mg/mL); a
quasi-racemic [I11G]cyO2 solution composed of L-[I11G]cyO2 and D-[I11L]cyO2 (2 mg/mL);
a quasi-racemic hyen D solution composed of equimolar amounts of L-hyen D and D-
[I11L]hD (1 mg/mL); a racemic [I11L]hD solution composed of equimolar amounts of L-
and D-[I11L]hD (1 mg/mL); and a quasi-racemic [I11G]hD solution composed of equimo-
lar amounts of L-[I11G]hD and D-[I11L]hD (1 mg/mL). Crystallization screenings were
performed in 96-well microplates containing commercially available screening kits, JCSG
(Molecular Dimensions), Index and PEG/ion (Hampton Reasech), using hanging drop
vapor diffusion method at 20 ◦C at the UQ ROCX diffraction facility. Equivolume mixtures
of peptide and crystallization solutions were prepared using a Mosquito crystallization
robot (SPT Labtech, Melbourn, Hertfordshire, UK) and were incubated and imaged in a
RockImager 1000 (Formulatrix, Bedford, MA, USA).

Diffraction-quality crystals of the aforementioned racemates were obtained under a
range of conditions within 1 to 3 weeks. The quasi-rcemates and racemates of the same
parent peptide crystallized efficiently and formed crystals under similar conditions. The
following conditions were for the well-diffracting crystals from which we successfully
obtained diffraction data. For the quasi-racemic cyO2 mixture, crystals were grown from
0.2 M magnesium formate dihydrate, 20% (w/v) PEG3350. For the racemic [I11L]cyO2
mixture, crystals were grown from 0.1 M sodium thiocyanate, 23% (w/v) PEG3350. For the
quasi-racemic [I11G]cyO2 mixture, crystals were obtained from 0.1 M sodium thiocyanate,
27% (w/v) PEG3350. For racemic [I11L]hD mixture, crystals were obtained from 20% (w/v)
PEG 3350. For the quasi-racemic hyen D mixture, crystals were grown from 0.07 M citrate
(pH 2.3), 0.03 M Bis-tris propane (pH 9.7), and 16% (w/v) PEG3350. For quasi-racemic
[I11G]hD mixture, crystals were grown from 0.2 M calcium acetate and 20% (w/v) PEG 3350.
Crystals were harvested, snap-frozen, and stored in liquid nitrogen for data collection.

3.7. Crystal Structure Determination

X-ray diffraction data were collected on the MX1 and MX2 microfocus beamlines at the
Australian Synchrotron and recorded with a Dectris EIGER detector. All the data collected
were indexed and integrated by AutoXDS and scaled using Aimless. Crystal structures
of the bracelet cyclotides and their variants were solved by molecular replacement using
Phaser with the NMR solution structure of cyO2 (PDB ID: 2KNM) as the initial model.
Crystallographic structure refinements were performed using PHENIX suite. The refined
models were manually rebuilt using Coot guided by Fo-Fc difference maps. Data collection
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and refinement statistics are summarized in Table S1. All structure images were generated
using PyMOL. The final refined structures of cyO2 quasi-racemate, [I11L]cyO2 racemate,
[I11G]cyO2 quasi-racemate, hyen D quasi-racemate, [I11L]hD racemate, and [I11G]hD
quasi-racemate have been deposited in the Protein Data Bank with the following codes
7RMQ, 7RMR, 7RMS, 7RIH, 7RII, and 7RIJ, respectively.

4. Conclusions

We demonstrated efficient oxidative folding of bracelet variants with single mutations
at residue Ile-11 using four different cyclotides. The in vitro folding yield of the [I11G]
bracelet mutants was significantly higher than that of the parent peptides. The [I11L]
mutants exhibited improved folding yields and retained the membrane binding ability
compared to their wild-type counterparts. We propose these Leu mutants could be surro-
gates of the native peptides to be used in agricultural or therapeutic applications, in which
cost-effective production is a major concern. Additionally, our study describes the crystal
structures of bracelet cyclotides for the first time. Aided by the single point mutants, we
have demonstrated the utility of racemic and quasi-racemic crystallography. Overall, this
study offers an alternative and efficient approach for in vitro folding of bracelet cyclotides.
As the bracelet subfamily provides the largest pool of candidates for pharmaceutical ap-
plications and leads for drug design of all three cyclotide subfamilies, our study provides
a basis for further study of cyclotide structure and function and their future use as drug
design scaffolds.

Supplementary Materials: The following are available online, Figure S1. Oxidative folding traces of
native bracelet cyclotides and their I11L and I11G mutants. Figure S2. The purity and mass spectra of
synthetic peptides analyzed using LC/ESI-MS. Figure S3. Secondary Hα chemical shift comparison
of Ile-11 mutants to their native bracelet cyclotides. Figure S4. Membrane binding and cytotoxicity
of bracelet cyclotides and their mutants. Figure S5. Structural comparison of cyO2 and hyen D.
Figure S6. Unit cells of [I11L]hD and [I11G]hD. Table S1. Summary of crystallographic data and
refinement statistics.

Author Contributions: Conceptualization, Y.-H.H.; Data curation, Y.-H.H., Q.D. and C.K.W.; Fund-
ing acquisition, D.J.C.; Investigation, Y.-H.H., Q.D. and Z.J.; Methodology, Y.-H.H., Q.D. and C.K.W.;
Project administration, Y.-H.H. and D.J.C.; Resources, G.J.K. and B.M.C.; Supervision, D.J.C.; Valida-
tion, Y.-H.H. and Q.D.; Visualization, Y.-H.H. and Q.D.; Writing—original draft, Y.-H.H. and Q.D.;
Writing—review and editing, Y.-H.H., Q.D., Z.J., C.K.W. and D.J.C. All authors have read and agreed
to the published version of the manuscript.

Funding: D.J.C. is supported by an Australian Research Council (ARC) Australian Laureate Fel-
lowship (FL150100146). The work was further supported by access to facilities by the Australian
Government through the National Collaborative Research Infrastructure Strategy (NCRIS) and the
ARC Centre of Excellence for Innovations in Peptide and Protein Science (CE200100012). Q.D. is
supported by the China Scholarship Council. B.M.C. is supported by a National Health and Medical
Research Council (NHMRC) Senior Research Fellowship (APP1136021).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The crystal structures of bracelet cyclotides and their mutants pre-
sented in this study are openly available in Protein Data Bank (22 September 2021, https://www.
rcsb.org/).

Acknowledgments: The authors thank Edward Gilding for collecting H. enneaspermus; Lai Yue Chan,
Johannes Koehbach, and Simon de Veer for their assistance in peptide synthesis; Quentin Kaas
for valuable discussions; Robyn Craik for manuscript proofreading. The authors acknowledge the
facilities, and the scientific and technical assistance, of the Australian Microscopy & Microanalysis
Research Facility at the Centre for Microscopy and Microanalysis, The University of Queensland. We
thank the University of Queensland Remote Operation Crystallisation and X-ray (UQ ROCX) Facility
and Kasun Sankalpa Athukorala Arachchige for their support with crystallization experiments,

https://www.rcsb.org/
https://www.rcsb.org/


Molecules 2021, 26, 5554 12 of 13

and the staff of the Australian Synchrotron and Kevin Chen for assistance with X-ray diffraction
data collection.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. de Veer, S.J.; Kan, M.-W.; Craik, D.J. Cyclotides: From structure to function. Chem. Rev. 2019, 119, 12375–12421. [CrossRef]
2. Huang, Y.-H.; Du, Q.; Craik, D.J. Cyclotides: Disulfide-rich peptide toxins in plants. Toxicon 2019, 172, 33–44. [CrossRef]
3. Colgrave, M.L.; Craik, D.J. Thermal, chemical, and enzymatic stability of the cyclotide kalata B1: The importance of the cyclic

cystine knot. Biochemistry 2004, 43, 5965–5975. [CrossRef]
4. Jennings, C.; West, J.; Waine, C.; Craik, D.; Anderson, M. Biosynthesis and insecticidal properties of plant cyclotides: The cyclic

knotted proteins from Oldenlandia affinis. Proc. Natl. Acad. Sci. USA 2001, 98, 10614–10619. [CrossRef]
5. Slazak, B.; Kapusta, M.; Strömstedt, A.A.; Słomka, A.; Krychowiak, M.; Shariatgorji, M.; Andrén, P.E.; Bohdanowicz, J.; Kuta, E.;

Göransson, U. How does the sweet violet (Viola odorata L.) fight pathogens and pests—Cyclotides as a comprehensive plant host
defense system. Front. Plant Sci. 2018, 9, 1296. [CrossRef]

6. Wang, C.K.; Craik, D.J. Designing macrocyclic disulfide-rich peptides for biotechnological applications. Nat. Chem. Biol. 2018, 14,
417–427. [CrossRef]

7. Camarero, J.A.; Campbell, M.J. The potential of the cyclotide scaffold for drug development. Biomedicines 2019, 7, 31. [CrossRef]
8. Wong, C.T.T.; Rowlands, D.K.; Wong, C.-H.; Lo, T.W.C.; Nguyen, G.K.T.; Li, H.-Y.; Tam, J.P. Orally active peptidic bradykinin

B1 receptor antagonists engineered from a cyclotide scaffold for inflammatory pain treatment. Angew. Chem. Int. Ed. 2012, 51,
5620–5624. [CrossRef]

9. Simonsen, S.M.; Sando, L.; Rosengren, K.J.; Wang, C.K.; Colgrave, M.L.; Daly, N.L.; Craik, D.J. Alanine scanning mutagenesis of
the prototypic cyclotide reveals a cluster of residues essential for bioactivity. J. Biol. Chem. 2008, 283, 9805–9813. [CrossRef]

10. Huang, Y.-H.; Colgrave, M.L.; Clark, R.J.; Kotze, A.C.; Craik, D.J. Lysine-scanning mutagenesis reveals an amendable face of the
cyclotide kalata B1 for the optimization of nematocidal activity. J. Biol. Chem. 2010, 285, 10797–10805. [CrossRef]

11. Craik, D.J.; Daly, N.L.; Bond, T.; Waine, C. Plant cyclotides: A unique family of cyclic and knotted proteins that defines the cyclic
cystine knot structural motif. J. Mol. Biol. 1999, 294, 1327–1336. [CrossRef]

12. Gunasekera, S.; Daly, N.L.; Clark, R.J.; Craik, D.J. Dissecting the oxidative folding of circular cystine knot miniproteins. Antioxid.
Redox Signal. 2009, 11, 971–980. [CrossRef]

13. Aboye, T.L.; Clark, R.J.; Burman, R.; Roig, M.B.; Craik, D.J.; Göransson, U. Interlocking disulfides in circular proteins: Toward
efficient oxidative folding of cyclotides. Antioxid. Redox Signal. 2011, 14, 77–86. [CrossRef] [PubMed]

14. Aboye, T.L.; Clark, R.J.; Craik, D.J.; Göransson, U. Ultra stable peptide scaffolds for protein engineering—Synthesis and folding
of the circular cystine knotted cyclotide cycloviolacin O2. Chembiochem 2008, 9, 103–113. [CrossRef]

15. Daly, N.L.; Clark, R.J.; Göransson, U.; Craik, D.J. Diversity in the disulfide folding pathways of cystine knot peptides. Lett. Pept.
Sci. 2003, 10, 523–531. [CrossRef]

16. Goransson, U.; Craik, D.J. Disulfide mapping of the cyclotide kalata B1. Chemical proof of the cystic cystine knot motif. J. Biol.
Chem. 2003, 278, 48188–48196. [CrossRef]

17. Rosengren, K.J.; Daly, N.L.; Plan, M.R.; Waine, C.; Craik, D.J. Twists, knots, and rings in proteins structural definition of the
cyclotide framework. J. Biol. Chem. 2003, 278, 8606–8616. [CrossRef]

18. Wang, C.K.; Hu, S.H.; Martin, J.L.; Sjögren, T.; Hajdu, J.; Bohlin, L.; Claeson, P.; Göransson, U.; Rosengren, K.J.; Tang, J.; et al.
Combined X-ray and NMR analysis of the stability of the cyclotide cystine knot fold that underpins its insecticidal activity and
potential use as a drug scaffold. J. Biol. Chem. 2009, 284, 10672–10683. [CrossRef]

19. Yeates, T.O.; Kent, S.B.H. Racemic protein crystallography. Annu. Rev. Biophys. 2012, 41, 41–61. [CrossRef]
20. Pentelute, B.L.; Gates, Z.P.; Tereshko, V.; Dashnau, J.L.; Vanderkooi, J.M.; Kossiakoff, A.A.; Kent, S.B.H. X-ray structure of snow

flea antifreeze protein determined by racemic crystallization of synthetic protein enantiomers. J. Am. Chem. Soc. 2008, 130,
9695–9701. [CrossRef]

21. Wang, C.K.; King, G.J.; Northfield, S.E.; Ojeda, P.G.; Craik, D.J. Racemic and quasi-racemic X-ray structures of cyclic disulfide-rich
peptide drug scaffolds. Angew. Chem. Int. Ed. 2014, 53, 11236–11241. [CrossRef] [PubMed]

22. Du, Q.; Chan, L.Y.; Gilding, E.K.; Henriques, S.T.; Condon, N.D.; Ravipati, A.S.; Kaas, Q.; Huang, Y.-H.; Craik, D.J. Discovery
and mechanistic studies of cytotoxic cyclotides from the medicinal herb Hybanthus enneaspermus. J. Biol. Chem. 2020, 295,
10911–10925. [CrossRef]

23. Du, Q.; Huang, Y.-H.; Bajpai, A.; Frosig- Jorgensen, M.; Zhao, G.; Craik, D.J. Evaluation of the in vivo aphrodisiac activity of a
cyclotide extract from Hybanthus enneaspermus. J. Nat. Prod. 2020, 83, 3736–3743. [CrossRef]

24. Herrmann, A.; Svangård, E.; Claeson, P.; Gullbo, J.; Bohlin, L.; Göransson, U. Key role of glutamic acid for the cytotoxic activity of
the cyclotide cycloviolacin O2. Cell. Mol. Life Sci. 2006, 63, 235–245. [CrossRef]

25. Svangård, E.; Burman, R.; Gunasekera, S.; Lövborg, H.; Gullbo, J.; Göransson, U. Mechanism of action of cytotoxic cyclotides:
Cycloviolacin O2 disrupts lipid membranes. J. Nat. Prod. 2007, 70, 643–647. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.chemrev.9b00402
http://doi.org/10.1016/j.toxicon.2019.10.244
http://doi.org/10.1021/bi049711q
http://doi.org/10.1073/pnas.191366898
http://doi.org/10.3389/fpls.2018.01296
http://doi.org/10.1038/s41589-018-0039-y
http://doi.org/10.3390/biomedicines7020031
http://doi.org/10.1002/anie.201200984
http://doi.org/10.1074/jbc.M709303200
http://doi.org/10.1074/jbc.M109.089854
http://doi.org/10.1006/jmbi.1999.3383
http://doi.org/10.1089/ars.2008.2295
http://doi.org/10.1089/ars.2010.3112
http://www.ncbi.nlm.nih.gov/pubmed/20486762
http://doi.org/10.1002/cbic.200700357
http://doi.org/10.1007/BF02442584
http://doi.org/10.1074/jbc.M308771200
http://doi.org/10.1074/jbc.M211147200
http://doi.org/10.1074/jbc.M900021200
http://doi.org/10.1146/annurev-biophys-050511-102333
http://doi.org/10.1021/ja8013538
http://doi.org/10.1002/anie.201406563
http://www.ncbi.nlm.nih.gov/pubmed/25168664
http://doi.org/10.1074/jbc.RA120.012627
http://doi.org/10.1021/acs.jnatprod.0c01045
http://doi.org/10.1007/s00018-005-5486-4
http://doi.org/10.1021/np070007v
http://www.ncbi.nlm.nih.gov/pubmed/17378610


Molecules 2021, 26, 5554 13 of 13

26. Göransson, U.; Herrmann, A.; Burman, R.; Haugaard-Jönsson, L.M.; Rosengren, K.J. The conserved Glu in the cyclotide
cycloviolacin O2 has a key structural role. Chembiochem 2009, 10, 2354–2360. [CrossRef] [PubMed]

27. Herrmann, A.; Burman, R.; Mylne, J.S.; Karlsson, G.; Gullbo, J.; Craik, D.J.; Clark, R.J.; Göransson, U. The alpine violet, Viola
biflora, is a rich source of cyclotides with potent cytotoxicity. Phytochemistry 2008, 69, 939–952. [CrossRef]

28. Tang, J.; Wang, C.K.; Pan, X.; Yan, H.; Zeng, G.; Xu, W.; He, W.; Daly, N.L.; Craik, D.J.; Tan, N. Isolation and characterization of
cytotoxic cyclotides from Viola tricolor. Peptides 2010, 31, 1434–1440. [CrossRef]

29. He, W.; Chan, L.Y.; Zeng, G.; Daly, N.L.; Craik, D.J.; Tan, N. Isolation and characterization of cytotoxic cyclotides from Viola
philippica. Peptides 2011, 32, 1719–1723. [CrossRef]

30. Wong, C.T.; Taichi, M.; Nishio, H.; Nishiuchi, Y.; Tam, J.P. Optimal oxidative folding of the novel antimicrobial cyclotide from
Hedyotis biflora requires high alcohol concentrations. Biochemistry 2011, 50, 7275–7283. [CrossRef]

31. Henriques, S.T.; Huang, Y.-H.; Castanho, M.A.; Bagatolli, L.A.; Sonza, S.; Tachedjian, G.; Daly, N.L.; Craik, D.J. Phosphatidylethanolamine-
binding is a conserved feature of cyclotide-membrane interactions. J. Biol. Chem. 2012, 287, 33629–33643. [CrossRef]

32. Henriques, S.T.; Craik, D.J. Cyclotide structure and function: The role of membrane binding and permeation. Biochemistry 2017,
56, 669–682. [CrossRef]

33. Wang, C.K.; Colgrave, M.L.; Gustafson, K.R.; Ireland, D.C.; Göransson, U.; Craik, D.J. Anti-HIV cyclotides from the Chinese
medicinal herb Viola yedoensis. J. Nat. Prod. 2008, 71, 47–52. [CrossRef] [PubMed]

34. Wang, C.K.; Wacklin, H.P.; Craik, D.J. Cyclotides insert into lipid bilayers to form membrane pores and destabilize the membrane
through hydrophobic and phosphoethanolamine-specific interactions. J. Biol. Chem. 2012, 287, 43884–43898. [CrossRef]

35. Colgrave, M.L.; Kotze, A.C.; Ireland, D.C.; Wang, C.K.; Craik, D.J. The anthelmintic activity of the cyclotides: Natural variants
with enhanced activity. Chembiochem 2008, 9, 1939–1945. [CrossRef]

36. Lindholm, P.; Göransson, U.; Johansson, S.; Claeson, P.; Gullbo, J.; Larsson, R.; Bohlin, L.; Backlund, A. Cyclotides: A novel type
of cytotoxic agents. Mol. Cancer Ther. 2002, 1, 365–369. [PubMed]

37. Cheneval, O.; Schroeder, C.I.; Durek, T.; Walsh, P.; Huang, Y.-H.; Liras, S.; Price, D.A.; Craik, D.J. Fmoc-based synthesis of
disulfide-rich cyclic peptides. J. Org. Chem. 2014, 79, 5538–5544. [CrossRef]

38. Henriques, S.T.; Huang, Y.H.; Chaousis, S.; Sani, M.A.; Poth, A.G.; Separovic, F.; Craik, D.J. The prototypic cyclotide kalata B1 has
a unique mechanism of entering cells. Chem. Biol. 2015, 22, 1087–1097. [CrossRef] [PubMed]

http://doi.org/10.1002/cbic.200900342
http://www.ncbi.nlm.nih.gov/pubmed/19735083
http://doi.org/10.1016/j.phytochem.2007.10.023
http://doi.org/10.1016/j.peptides.2010.05.004
http://doi.org/10.1016/j.peptides.2011.06.016
http://doi.org/10.1021/bi2007004
http://doi.org/10.1074/jbc.M112.372011
http://doi.org/10.1021/acs.biochem.6b01212
http://doi.org/10.1021/np070393g
http://www.ncbi.nlm.nih.gov/pubmed/18081258
http://doi.org/10.1074/jbc.M112.421198
http://doi.org/10.1002/cbic.200800174
http://www.ncbi.nlm.nih.gov/pubmed/12477048
http://doi.org/10.1021/jo500699m
http://doi.org/10.1016/j.chembiol.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26278183

	Introduction 
	Results and Discussion 
	Substitution of Ile-11 to Gly or Leu Increases Folding Yield of Bracelet Cyclotides 
	Leu Mutants Are as Active as the Wild-Type Bracelet Cyclotides 
	High-Resolution Structures of Bracelet Cyclotides Can Be Determined by Quasi-Racemic Crystallography 
	Racemic and Quasi-Racemic Crystal Structures of Ile-11 Mutant Bracelet Cyclotides 

	Materials and Methods 
	Plant Materials and Cyclotide Isolation 
	Selected Bracelet Cyclotides’ Synthesis and Folding 
	Cytotoxicity Study 
	Membrane-Binding Evaluation Using Surface Plasmon Resonance 
	Circular Dichroism (CD) 
	Peptide Crystallization 
	Crystal Structure Determination 

	Conclusions 
	References

