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ABSTRACT 

Cyclotides are plant-derived, gene-encoded, circular peptides with a range of host-defense 

functions, including insecticidal activity. They also have potential as pharmaceutical scaffolds and 

understanding their biosynthesis is important to facilitate their large-scale production. Insights into 

the biosynthesis of cyclotides are emerging but there are still open questions, particularly regarding 

the influence of the structure of the precursor proteins on processing/biosynthetic pathways. The 

precursor protein of kalata B1, encoded by the plant Oldenlandia affinis, contains N- and C-

terminal propeptides that flank the mature cyclotide domain. The C-terminal region (ctr) is 

important for the cyclization process, whereas the N-terminal repeat (ntr) has been implicated in 

vacuolar targeting. In this study we examined the structure and folding of various truncated 

constructs of the ntr coupled to the mature domain of kalata B1. Despite the ntr having a well-

defined helical structure in isolation, once coupled to the natively folded mature domain there is no 

evidence of an ordered structure. Surprisingly, the ntr appears to be highly disordered and induces 

self-association of the precursor. This self-association might be associated with the role of the ntr as 

a vacuolar-targeting signal, as previously shown for unrelated storage proteins.  
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A unique class of cyclic peptides, known as the cyclotides, is present in certain plants of the 

Rubiaceae, Violaceae, Cucurbitaceae, Fabaceae and Solanaceae families.1-3 The original discovery 

of this class of peptides was prompted by reports in the 1970s of an African folk medicine ‘kalata-

kalata’ used as a uterotonic agent to accelerate childbirth.4 The active uterotonic component of the 

medicinal tea was identified to be kalata B1, which is one of around 20 cyclotides found in the 

medicinal plant Oldenlandia affinis.5 Since the original discovery of the sequence of kalata B16 

more than 300 individual cyclotide sequences have been deposited into CyBase, a database 

dedicated to cyclic peptides7-9 and it is predicted that the family might exceed 50,000 members, 

making it one of the largest families of plant proteins.10 

 

Cyclotides are 28–37 amino acids in size, with the N- and C- termini seamlessly linked to form a 

cyclic backbone. A striking structural motif known as the cyclic cystine knot (CCK), arising from 

the combination of the cyclic backbone and a knotted arrangement of three conserved disulfide 

bonds,11 gives cyclotides exceptional chemical and biological stability.12-14 Based on this stability 

some cyclotides have been used as templates to develop novel bioactive peptides with potential in 

drug development, with recent examples including grafted cyclotides for the treatment of solid 

tumours,15 multiple sclerosis16,17 and chronic myeloid leukemia.18 The natural function of cyclotides 

appears to be as host defense agents,19-21 with the activity thought to derive from their ability to bind 

to and form pores in membranes.22
 

 

The finding that cyclotides are genetically encoded as precursor proteins19,23-28 distinguishes them 

from many other naturally occurring cyclic peptides such as cyclosporins, which are non-

ribosomally synthesized. Many cyclotide genes identified from numerous plant species encode 

precursor proteins with the same general organization, i.e., an endoplasmic reticulum (ER) signal 

peptide, a pro-region, and a mature domain which is flanked by a N-terminal propeptide (ntr) and a 

C-terminal repeat (ctr), as shown in Figure 1 for the prototypic cyclotide kalata B1.23 The presence 

of the ER signal suggests that cyclotide precursors enter the secretory pathway where folding and 

disulfide bond formation occur before cleavage and cyclization events release the mature domain. 
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However, not all cyclotides have this precursor organization, highlighting the complexity and 

degeneracy in cyclotide biosynthetic pathways.25,26,29 Despite some differences in precursor 

organization, all cyclotides appear to be C-terminally processed via an asparaginyl endoproteinase 

(AEP) enzyme.30-33 It appears likely that the N-terminal pro-peptide is cleaved prior to cyclization 

and cleavage of the C-terminal repeat30-33 but the processing mechanisms involved in the N-

terminal region are largely unknown. 

 

A comparison of the ntr regions from a range of cyclotides reveals significant sequence differences 

across different plant families.19,23 By contrast, ntrs are tightly conserved within a given plant 

family.23 An amphipathic α-helix was found to be the preferred structure of the (synthetically 

produced) isolated ntr from members of the two major subfamilies of cyclotides, Möbius and 

bracelet.23 The presence of this well-defined helical structure led to an early suggestion that the ntr 

might be involved in folding of cyclotides.23 This proposal has yet to be confirmed and other roles 

for the ntr are also possible. For example, the ntr of kalata B1 was recently shown to be involved in 

vacuolar targeting.34 In the current study we have examined the folding and structure of 

progressively truncated versions the ntr coupled to the mature cyclotide domain to provide insight 

into the structural role of the ntr in situ in the precursor protein. 

 

RESULTS 

To explore the structural properties of the ntr of the kalata B1 precursor several constructs 

comprising the mature domain with varying truncated portions of the N- and C-terminal regions 

were assembled using solid phase peptide synthesis. The sequences of the synthetic peptides are 

given in Figure 1. Since our focus was on defining the role of the length of the ntr, the peptides 

were named according to the number of residues derived from the ntr and are referred to as kB1P 

fragments for kalata B1 precursor fragments. For example, [+17]kB1P contains 17 residues of the 

ntr linked to the kalata B1 sequence. All peptides contained the seven residue ctr segment (Figure 1) 

seen in the native kalata B1 precursor protein. 
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The truncated precursor fragments were synthesized using BOC or FMOC chemistry, purified using 

RP-HPLC, and characterized using mass spectrometry. Oxidative folding was performed in 50% 

isopropanol (v/v) in 0.1 M NH4HCO3, pH 8.5 and 2 mM reduced glutathione, 0.4 mM oxidized 

glutathione at room temperature overnight. The folding was monitored by analyzing the samples 

after a 24-h incubation in folding buffer. In contrast to native reduced kalata B1, which folds 

predominantly into one form under similar conditions,35 the folding of the truncated peptides was 

less efficient, as suggested by the multiple peaks obtained on analytical HPLC. However, a fully 

oxidized, late-eluting peak at a similar retention time as kalata B1 was produced for each precursor 

fragment. The characteristic long retention time suggested a conformation similar to native kalata 

B1, which elutes late due to a patch of hydrophobic residues that becomes surface exposed upon 

correct folding.35 By way of example, the HPLC chromatograms of two of the truncated forms are 

given in Figure 2, with the correctly folded forms highlighted with an asterisk.  

 

To confirm that the native disulfide connectivity was present in the late-eluting precursor fragments, 

enzyme cleavage experiments and NMR spectroscopy were employed. [+17]kB1P was incubated 

with trypsin and the resulting products analyzed by RP-HPLC and mass spectrometry. As shown in 

Figure 3, there are two trypsin cleavage sites in the ntr region and one in the mature peptide domain. 

Cleavage occurred next to the two lysine residues in the ntr region, but not next to the Arg residue 

within the mature domain. Cleavage of the ntr from the mature domain resulted in a peptide 

equivalent to kB1P and the same retention time was observed on HPLC, indicating the same 

disulfide connectivity was present. Full assignment of the NMR spectra of kB1P was completed and 

confirmed the native-like structure (see below).  

 

NMR Spectroscopy  

To characterize the conformations of the folded forms associated with the late eluting peaks, they 

were purified by RP-HPLC and studied by 1H NMR spectroscopy. In our previous studies, the 

isolated full length ntr formed a helix in solution at concentrations ranging from 0.2 to 3.5 mM. 

Furthermore there was no substantial change in αH shifts with concentration, suggesting that the 
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helical tendency was not critically dependent on concentration over those ranges.23 Thus, three 

series of 1D, TOCSY and NOESY spectra were recorded for the truncated peptides at 0.2 mM in 

95% H2O/5% 2H2O at 290 K, and resonance assignments were performed using established 

techniques that are routine for disulfide-rich peptides.36  

 

The resonance assignments for the mature domain in the various peptides were completed using 2D 

TOCSY and NOESY spectra, but in general the assignment for the ntr region could not be 

completed due to poor chemical shift dispersion of most resonances and the associated ambiguity in 

sequence-specific assignment. As the ntr length increased, the sequence assignment became 

progressively more difficult. An analysis of chemical shifts, which are typically very sensitive to 

structural changes, was used to compare the structures of the truncated peptides. Figure 4 shows the 

differences in αH chemical shifts between the mature domain in selected truncated peptides and the 

native kalata sequence, indicating that the overall 3D structure of the mature domain in the 

precursor fragments is retained. This observation confirms the finding from the RP-HPLC data that 

the precursor fragments have the correctly folded cyclotide domain, but possibly with either an 

unstructured ntr or with a tendency for aggregation resulting in broadening of the NMR signals. The 

C-terminal tail also appears to be devoid of structure based on a lack of NOEs in this region of the 

molecule.  

 

To determine whether there was an intrinsic propensity for helicity in the truncated peptides that 

was not realised under the solution conditions studied, TFE, a solvent known to stabilize helices, 

was added to the NMR samples and the TOCSY and NOESY experiments were repeated. 

Comparisons of the various spectra revealed that TFE did not induce helix formation in the 

truncated peptides.  

 

A comparison of the NOESY spectrum of kB1P and [+17]kB1P is given in Figure 5 and highlights 

the high quality of the kB1P spectrum and its significant chemical shift dispersion, consistent with 

that observed for the native cyclic peptide. In contrast, the [+17]kB1P peptide gave lower quality 
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spectra with more overlap and broadening in certain regions. It should be noted that the mature 

domain still appears to be folded in [+17]kB1P as resonances that are characteristic of the folded 

mature peptide are still evident (Figure 5). 

  

Interestingly, in the course of these studies a synthetic peptide comprising only the mature kalata B1 

sequence was found to cyclize in solution. This reaction is probably a consequence of activation of 

the C-terminal Asn residue during HF cleavage. A succinimide was formed at the C-terminus and 

during the oxidation reaction for this peptide a backbone cyclic form was produced together with 

acyclic form where the succinimide had hydrolysed. Analysis of the NMR spectra of the cyclic 

form revealed two isomers were present (i.e. the native asparagine peptide and the β-asparagine 

peptide). The hydrolysed form was the major product and the α-asparagine and β-asparagine 

isomers were not separable by HPLC, but based on NMR analysis appear to be present in equal 

concentrations. The NMR spectra of the cyclic form with the two isomers highlighted are shown in 

Figure 6.  

 

Diffusion 

The diffusion coefficient of a molecule reflects its effective molecular weight, size and shape, and 

thus diffusion can be used to study intermolecular interactions or aggregation events. We used 

pulsed-field gradient diffusion NMR techniques to measure translational diffusion and examine 

whether the truncated peptides cause aggregation of the kalata B1 domain and attached ctr. In these 

experiments diffusion results in attenuation of the amplitudes of the NMR signals and the diffusion 

coefficients were extracted from the signal decay curve. Dioxane was used as a reference molecule 

with a known hydrodynamic radius of 2.12 Å and an equation derived by Wilkins et al37 was used 

to estimate the effective size of the various polypeptides.  

 

The results of the diffusion analysis are summarized in Table 1 in the form of a comparison of the 

predicted number of residues for each precursor fragment with the actual number of residues, which 

reflects the aggregation state of the different peptides. Initially the diffusion experiments were done 
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at pH 5 and at a uniform peptide concentration of 0.2 mM to facilitate data comparison. The 

[+4]kB1P fragment has 40 residues but was predicted to have 29. This lower number might be 

related to the tightly folded nature of cyclotides. For the [+8]kB1P fragment, which is 44 residues 

long, the diffusion results predicted a residue number of 43, suggesting that this peptide behaves as 

a monomer. Thus, our findings in the earlier NMR experiments on the longer presursors that there is 

poor dispersion of chemical shifts and a difficulty in sequence assignment is surprising. One 

possible explanation is that the ntr is flexible, and has no definitive structure and another 

explanation is that there is a degree of aggregation, and indeed both appear to be the case. For the 

48-residue [+12]kB1P fragment the predicted number of residues from the diffusion results was 63, 

indicating a tendency for aggregation as the ntr length is extended. When the residue number was 

increased to 53, as in [+16]kB1, the diffusion results gave a predicted number of residues of 106, 

suggesting that this peptide behaves as a dimer. This result is consistent with the diffusion 

experiments conducted with [+17] kB1, which is 54 residues in length yet the diffusion data predict 

the number of residues to be 116.  

 

To examine whether there was a pH dependency of the aggregation process the diffusion 

experiments were repeated on [+17]kB1 after lowering the pH to 2. The diffusion results predicted 

a residue number of 53, indicating monomeric behavior at low pH. Subsequent 2D NMR 

experiments at pH 2 resulted in comparatively better spectra. However, sequence assignment could 

not be entirely completed due to poor chemical shift dispersion, consistent with a disordered 

structure even in a non-aggregated state. To examine whether the peptides might display a 

membrane association, the TOCSY and NOESY experiments were repeated after addition of 100 

mM SDS to the [+17]kB1 NMR sample. However, no improvement in chemical shift dispersion 

occurred. 

 

DISCUSSION 

The gene sequences of cyclotide precursors isolated from the Rubiaceae and Violaceae plant 

families encode for an ntr region that is tightly conserved within a plant family but not between 
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different plant families.23 Involvement of this region in a functional role, probably as an 

intramolecular chaperone to assist the folding of the mature cyclotide domain, had previously been 

suggested based on the observation that isolated synthetic ntrs from both plant families form short 

helices in vitro.23 Surprisingly, in the current study we show that the ntr is unstructured when linked 

to the mature domain and does not accelerate the folding of the mature domain in vitro. Instead it 

appears to induce self-association of the precursor protein to form a dimeric structure. We found 

that there is a lower tendency for self-association when only a short span of ntr is present, and the 

tendency to aggregate is enhanced as the length of the ntr is increased. Furthermore, a comparison 

of the diffusion data for the [+17]kB1P fragment from a low to a high pH, revealed a shift in 

behavior from a monomeric state to a dimeric state, suggesting a pH dependency for aggregation of 

the peptide fragments.  

 

Whether the aggregation behavior has biological relevance in terms of assembly of a homodimer for 

interaction with another binding partner during cyclotide precursor processing has to be further 

investigated, but there is precedent in the literature for functional effects of dimerization in other 

similarly sized peptides. For example, the pro-peptide of prouroguanylin38 aids the folding of the 

mature domain through dimerization. Dimerization is an important step in the construction of the 

active tertiary structure of prouroguanylin, which exists as a homodimer that is assembled during 

the folding of the protein. However, the mechanism, at the molecular level, of the folding assistance 

via the leader sequence remains unclear.  

 

The disorder observed for the ntr region is consistent either with it being an unstructured region that 

folds upon binding to a target, or that it is simply a mobile functional region. It has been known for 

a long time that the binding sites for interacting proteins are frequently more mobile than the 

remainder of the protein structures.39 However, the presence of functional polypeptide domains that 

comprise conformational ensembles lacking distinct 3D structures has been recognized only more 

recently. Key sequences of low order occurring between structural domains, especially in functions 

such as transcriptional regulation, translation and signal transduction in cells, are particularly 
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important in the field of intrinsically disordered proteins.40 Signatures of intrinsic disorder include 

the presence of low sequence complexity and amino acid compositional bias, particularly a low 

content of bulky hydrophobic amino acids, which would normally form the core of a folded 

globular protein, and a high proportion of polar or charged amino acids. Analysis of the ntr regions 

of the cyclotide genes discovered so far reveals that these regions are biased towards polar and 

charged amino acids. Furthermore, intrinsically unstructured proteins often contain repeat regions,41 

as is common in cyclotide precursors, providing further support for the hypothesis that the ntr is 

intrinsically unstructured in vivo. 

 

The ntr has been shown to be involved in vacuolar signaling34
 and the self-association mediated by 

this domain might be a reflection of its role during in vivo processing in the secretary pathway. 

Supporting this view is the report of a vacuolar sorting signal contained in the pro-region of 

phaseolin, known to promote transient strong membrane association and aggregation of this bean 

storage protein in transgenic tobacco plants to facilitate sorting into dense vesicles.42 In a similar 

context, the sorting of proteins from neuroendocrine cells into either the constitutively secreted 

pathway or the regulated pathway is reported to be by selective aggregation and membrane 

association mediated by its pro-region.43  

 

Although the ntr has been shown to be involved in vacuolar signalling, it is conceivable that it also 

has additional roles. In particular, it might still have a role in in vivo folding, despite the lack of 

improvement in folding efficiency of cyclotide domains in vitro when the ntr is present.44 The 

precursor fragments have been shown to increase the interaction with O. affinis protein disulfide 

isomerase (PDI), suggesting that oxidative folding may be facilitated by the presence of the ntr. 

This interaction was greatest with the [+8]kB1P ntr but the [+17]kB1P ntr still bound more tightly 

than the [+4]kB1P ntr.44 How the ntr interacts with the PDI requires further study but it is possible 

that the high proportion of polar and charged residues could shield the hydrophobic patch from the 

aqueous environment during processing and folding. 
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In summary, this study provides evidence that the conserved ntr induces self-association of the 

cyclotide precursor protein of kalata B1 in solution. In contrast to its well defined helical structure 

as an isolated peptide, the ntr is surprisingly unstructured when bound to the mature cyclotide 

domain within the precursor. Overall, the properties of the ntr are consistent with a proposed role as 

a vacuolar targeting signal. 

 

EXPERIMENTAL SECTION 

Peptide synthesis. Precursor fragments of kalata B1 (Figure 1) were assembled using 

manual solid phase peptide synthesis with BOC and FMOC chemistry on a 0.5 mmole scale. For 

BOC chemistry, PAM resin was used (Applied Biosystems, Foster City, CA) and amino acids 

added to the resin using HBTU with in situ neutralization (22). Cleavage of the peptide from the 

resin was achieved using hydrogen fluoride (HF) with cresol and thiocresol as scavengers 

(HF:cresol:thiocresol; 9:1:1 v/v). The reaction was allowed to proceed at –5 to 0°C for 1 h. 

Following cleavage, the peptides were dissolved in 50% aqueous acetonitrile containing 0.1% TFA 

and lyophilized. The methods used for FMOC chemistry have been described previously.45 The 

crude, reduced peptides were purified using preparative reversed-phase HPLC (RP-HPLC) on a 

Vydac C18 column. Gradients of 0.05 % aqueous TFA and 90% acetonitrile/0.045% TFA were 

employed with a flow rate of 8 mL/min and the eluant monitored at 230 nm. These conditions were 

used in the subsequent purification steps. Mass analysis was performed by electrospray mass 

spectrometry. 

 

Disulfide bond formation. Oxidation of the disulfide bonds was performed in 0.1 M 

ammonium bicarbonate in 50% v/v isopropanol at pH 8.5. Reactions were left at room temperature 

overnight and analyzed using RP-HPLC on a Vydac C18 column with monitoring at 214 nm and by 

mass spectrometry.  

 

Enzymatic analysis. Peptides were digested with trypsin using previously described 

protocols.46 Cleavage products were analysed using RP-HPLC and mass spectrometry. 
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NMR spectroscopy. Samples for 1H NMR measurements contained between 0.3 and 1 mM 

peptide in either 99.99% 2H2O or 90% H2O/10% 2H2O (v/v). Spectra were recorded at 12°C and 

25°C on a Bruker DRX-750 spectrometer equipped with a shielded gradient unit. Low-temperature 

studies employed a temperature-controlled stream of cool air using a Bruker BCU refrigeration unit 

and a B-VT 2000 control unit. 2D NMR spectra were recorded as described previously47. Spectra 

were acquired with 4096 complex data points in F2 and 512 increments in the F1 dimension and 

processed using XWINNMR (Bruker) software. The t1 dimension was zero-filled to 2048 real data 

points, and 90° phase-shifted sine bell window functions were applied prior to Fourier 

transformation. Chemical shifts were referenced to DSS at 0.00 ppm. 

 

NMR diffusion. The gradient strength (g) was set as the variable parameter and the 

diffusion time ∆ and diffusion gradient length δ were optimized by running a series of 1D versions 

of diffusion pulse program at varying gradient strengths from 2% to 95%. Using the optimized ∆ 

and δ values, a 2D version of the diffusion pulse program was executed with gradient strength 

incremented in the indirect dimension.  
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Table 1: Hydrodynamic radii for the kalata B1 precursor fragmentsa 

 

Peptide Rh (Å) Number of residues Calculated Nb 

kB1P    

[+4]kB1P 12.8 40 29 

[+8]kB1P 14.1 44 43 

[+12]kB1P 15.7 48 62 

[+16]kB1P 18.4 52 107 

[+17]kB1P 18.7 53 113 

aHydrodynamic radii were calculated using dioxane as an internal standard.  

The uncertainty was estimated to be ±5% on the basis of repeated measurements. 

bThe equation derived by Wilkins et al37 (Rh= (4.75 ± 1.11)N0.29±0.02 : where N is the  

number of residues in the protein and Rh is the hydrodynamic radius in Angstroms) was  

used to estimate the “apparent” number of residues. 
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FIGURE CAPTIONS 

Figure 1: Structures of the kalata B1 precursor and fragments. (A) Schematic representation of the 

precursor, and structure of the ntr and mature cyclotide domain, with the sequences of the N-terminal 

repeat, mature cyclotide domain and C-terminal repeat indicated. (B) Sequences of precursor fragments. 

ER: endoplasmic reticulum signal sequence, ntr: N-terminal propeptide. 

 

Figure 2: RP-HPLC traces of folded kalata B1 precursor fragments. The multiple peaks are 

indicative of different cysteine connectivities. Correctly folded peptides are marked with an asterisk. The 

upper HPLC trace is offset by three minutes for clarity. The procedures used for the oxidation and HPLC 

are given in the Experimental Methods section. 

 

Figure 3: Tryptic digest of [+17]kB1P. (A) The potential trypsin cleavage sites present in [+17]kB1P 

are marked with arrows on the sequence. Only two of the sites are accessible and cleaved by trypsin. (B) 

The fragments produced following cleavage are shown in the RP-HPLC chromatogram. Cleavage 

following the second Lys residue results in a fragment equivalent to kB1P with the same retention time as 

purified kB1P, indicating that the oxidised form of [+17]kB1P has the native disulfide connectivity.  The 

upper HPLC trace is offset by two minutes for clarity. 

 

Figure 4: Chemical shift comparison of kalata B1 precursor fragments with native kalata B1. The 

chemical shifts of the precursor fragments are similar to those from mature kalata B1, indicating the 

cystine knot conformation is present in the precursor fragments. 

 

Figure 5: Fingerprint regions of NOESY spectra recorded on kB1P and [+17]kB1P. The downfield 

shifted amide protons of T20 and T27 are highlighted in the spectra. Whereas kB1P has sharp peaks 

throughout the spectrum, [+17]kB1P has broadened peaks and more overlap. Diffusion measurements 

indicate that the peptide is dimeric, consistent with the spectral broadening. 
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Figure 6: In vitro cyclization of kalata B1. TOCSY and NOESY spectra of cyclic kalata B1 following 

in vitro cyclization. The cross-peaks corresponding to the two isomers of kalata B1 are labelled (labels 

with the prime (ʹ) symbol refer to the β-asparagine peptide) and the chemical structures of the α and β 

isomers shown on the right. 
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Figure 1: Structures of the kalata B1 precursor and fragments. (A) Schematic representation of the 
precursor, and structure of the ntr and mature cyclotide domain, with the sequences of the N-terminal 

repeat, mature cyclotide domain and C-terminal repeat indicated. (B) Sequences of precursor fragments. 

ER: endoplasmic reticulum signal sequence, ntr: N-terminal propeptide.  
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Figure 2: RP-HPLC traces of folded kalata B1 precursor fragments. The multiple peaks are indicative 
of different cysteine connectivities. Correctly folded peptides are marked with an asterisk. The upper HPLC 
trace is offset by three minutes for clarity. The procedures used for the oxidation and HPLC are given in the 

Experimental Methods section.  
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Figure 3: Tryptic digest of [+17]kB1P. (A) The potential trypsin cleavage sites present in [+17]kB1P are 
marked with arrows on the sequence. Only two of the sites are accessible and cleaved by trypsin. (B) The 
fragments produced following cleavage are shown in the RP-HPLC chromatogram. Cleavage following the 

second Lys residue results in a fragment equivalent to kB1P with the same retention time as purified kB1P, 
indicating that the oxidised form of [+17]kB1P has the native disulfide connectivity.  The upper HPLC trace 

is offset by two minutes for clarity.  
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Figure 4: Chemical shift comparison of kalata B1 precursor fragments with native kalata B1. The 
chemical shifts of the precursor fragments are similar to those from mature kalata B1, indicating the cystine 

knot conformation is present in the precursor fragments.  
Figure 4  
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Figure 5: Fingerprint regions of NOESY spectra recorded on kB1P and [+17]kB1P. The downfield 
shifted amide protons of T20 and T27 are highlighted in the spectra. Whereas kB1P has sharp peaks 
throughout the spectrum, [+17]kB1P has broadened peaks and more overlap. Diffusion measurements 

indicate that the peptide is dimeric, consistent with the spectral broadening.  
Figure 5  
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Figure 6: In vitro cyclization of kalata B1. TOCSY and NOESY spectra of cyclic kalata B1 following in 
vitro cyclization. The cross-peaks corresponding to the two isomers of kalata B1 are labelled (labels with the 

prime (ʹ) symbol refer to the β-asparagine peptide) and the chemical structures of the α and β isomers 

shown on the right.  
Figure 6  
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