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Cyclotides are a newly emerging family of large-backbone
cyclized polypeptides (� 30-residues long) characterized by a
disulfide-stabilized core (3 disulfide bonds) with an unusual
knotted structure.[1]

The core structural motif in cyclotides has been termed a
cyclic cystine knot (CCK) and is characterized by a cystine
knot that is embedded into a circular backbone topology.[1d]

The cystine knot involves two disulfide bonds that form a ring
that is penetrated by a third disulfide bond. The unique cyclic-
backbone topology and knotted arrangement of the three
disulfide bonds endow the cyclotides with exceptional stabil-
ity and resistance to chemical, enzymatic, and thermal
degradation.[2] Furthermore, their well-defined structures

have been associated with a range of biological functions
such as uterotonic activity, inhibition of trypsin and neuro-
tension binding, cytotoxicity, anti-HIV, antimicrobial, and
insecticidal activity.[1b–c] Together, these characteristics sug-
gest that cyclotides are ideal molecular scaffolds for the
development of stable peptide drugs.[1b]

Despite the fact that the chemical synthesis of circular
peptides has been well explored and a number of different
approaches involving the solid or liquid phases exist,[3] recent
developments in the fields of molecular biology and protein
engineering have now made possible the biosynthesis of cyclic
peptides. This progress has been made mainly in two areas,
nonribosomal peptide synthesis[4] and expressed protein
ligation (EPL)/protein trans-splicing.[5] Access to biosynthetic
cyclotides by using techniques of recombinant-DNA expres-
sion offers the exciting possibility of producing large combi-
natorial libraries of highly stable cyclic polypeptides. This
would allow the generation of cell-based combinatorial
libraries that could be screened either in vitro or in vivo for
their ability to regulate cellular processes.

Herein, we describe the biosynthesis of the cyclotide
Kalata B1 (KB1) by using an engineered intein. Our
approach (Figure 1) is based on an intramolecular version

of native chemical ligation (NCL).[6] NCL involves the
chemoselective reaction between an N-terminal Cys residue
of one peptide and an a-thioester group of a second peptide.
Importantly, incorporation of these two groups into the same
synthetic polypeptide leads to efficient circularization.[3]

To test this approach, we constructed several plasmids
that encode different KB1 linear precursors (Figure 2) and

Figure 1. Backbone cyclization of a KB1 linear precursor by using an
engineered intein.
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are fused in-frame at their C termini to a modified vacuolar
membrane ATPase (VMA) intein.[5e] This allows the gener-
ation of the required C-terminal a-thioester function. Also, a
Met residue was genetically introduced at the N terminus of
the corresponding KB1 fusion protein. The Met residue is
efficiently removed immediately after translation by the
endogeneous Met aminopeptidase (MAP). This in vivo
proteolytic event unmasks the N-terminal Cys residue
required for NCL.[5a]

The KB1–intein fusion proteins (1 through 6, Figure 2b)
were expressed in E. coli and purified by affinity chromatog-
raphy. Analysis of the purified fusion proteins by SDS-PAGE
revealed that the different linear precursors have different
propensities for cleavage in vivo. Linear precursors 4 and 5
showed around 30% cleavage in vivo, 6 was almost com-
pletely cleaved (90%), and 1, 2, and 3 were cleaved to about
70% in vivo. Analysis of the soluble cell fractions that
correspond to the constructs with high in vivo cleavage did
not reveal the presence of any reduced or oxidized circular
KB1. Analysis of the insoluble cellular fractions under
reductive conditions, after being treated briefly at pH 12 to
hydrolyze any residual thioester functionality, showed, on the
other hand, the presence of the corresponding reduced linear
carboxylated peptide. It is interesting to note that the linear

precursors 1 and 6 also produced small amounts of reduced
circular KB1 (� 5 mgL�1 of culture).

These results indicate that cleavage in vivo of KB1–intein
fusion proteins is mostly triggered by internal Cys residues
(rather than by the N-terminal Cys residues), which leads
directly to backbone cyclization. These thiolactone inter-
mediates have been shown to react by a “thia zip” mechanism
that involves successive ring expansions through reversible
thiol–thiolactone exchanges in the direction of the N termi-
nus. The exchange continues until the thiolactone involving
the N-terminal Cys residue is formed finally resulting in
backbone cyclization.[7] It is very likely that some of these
intermediates may aggregate before backbone cyclization can
take place, thus explaining the low yield observed for the
cyclization process in the bacterial cytoplasm.

We next tested the ability of the different linear precur-
sors to cyclize in vitro. Cyclization was triggered by treatment
of the purified KB1–intein fusion proteins with EtSH (3%) in
column buffer solution (0.1 mm ethylenediaminetetraacetic
acid, 50 mm sodium phosphate, 250 mm NaCl) at pH 7.2. In all
the cases except 5, the major product of the reaction was the
reduced cyclic KB1. Among the different linear precursors, 1,
3, and 4 gave the best cyclization yields (Figure 3a). Precursor
6 also had a moderately good yield for the cyclization process.
However, the fact that almost all of the precursor fusion
protein was prematurely cleaved in vivo resulted in a small
amount of circular KB1 being produced. Linear precursor 2
gave only a modest yield and although the reduced circular
KB1 was still the major product, other minor products
including the corresponding linear ethyl thioester precursor
as well as thiolactone intermediates were also found in the
cyclization crude mixture, even after 4 days of reaction. By far
the worst result was obtained for the linear precursor 5. In this
case, cyclic reduced KB1 was found only as a minor product
(� 5%). Purified reduced KB1 was oxidatively folded in the
presence of reduced glutathione (10 mm; GSH) in NH4HCO3

buffer solution (50 mm ; pH 8.5) that contained iPrOH (50%)
as described previously by Craik and co-workers[3c] Under
these conditions, the folding of reduced KB1 is almost
quantitative in less than 15 h (Figure 3b). The folding of
reduced KB1 in the absence of organic cosolvents is relatively
inefficient, being around 40% of that obtained by using
iPrOH (50%). The use of Triton X-100 (0.5%) also improved
the yield of folding (70% of that observed using iPrOH). The
folded recombinant KB1 was shown by 2D NMR spectros-
copy, HPLC, and ES-MS analysis to be identical to the natural
product.

Encouraged by these results, we decided to explore the
possibility of carrying out the cyclization and folding steps in a
single-pot reaction. This was accomplished by treating 4 with
different amounts and ratios of reduced and oxidized
glutathione (GSH and GSSG, respectively). The best cleav-
age/cyclization conditions were accomplished by using GSH
(100 mm; pH 7.2). Through the use of these conditions,
cleavage of the linear intein precursor was almost quantitative
in less than 18 h. Optimal conditions for oxidative folding of
reduced KB1 were obtained by using a buffer solution that
contained a GSH/GSSG ratio of 4:1 at pH 7.2 in iPrOH
(50%). Hence, the purified linear precursor 4was treated first

Figure 2. a) Structure (primary and tertiary) and disulfide connectivity
of the cyclotide KB1. b) Sequences of the different linear precursors
used for the backbone cyclization of KB1. The sequence corresponding
to loop 6 has been underlined in all the linear precursors as a
reference.
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with GSH (100 mm; pH 7.2) for 18 h, and the crude reaction
was then complemented with iPrOH (50% v/v) and GSSG
(12 mm). Under these conditions, the folding reaction was
extremely clean and efficient after 20 h (Figure 3c). When the
oxidative cleavage was done in aqueous buffer at pH 7.2 in
the presence of GSH (10 mm) and GSSG (2 mm) with no
iPrOH, folded KB1 was also obtained with a yield of about
4% (based on the amount of linear precursor). Similar results
were also obtained with 1, 2, 3, and 6.

We also explored the possibility of using this method to
generate different KB1 mutants (KB1-V29G, KB1-T4G,
KB1-T9G, KB1-P13A, KB1-W19A, KB1-W19R, and KB1-
W19S).[8] Some of the mutants were designed to test the effect
of replacement of different b-branched residues adjacent to
Cys residues in loops 1, 2, and 6 by the highly flexible Gly
residue (KB1-V29G, KB1-T4G, and KB1-T9G). Also, the
replacement of the hydrophobic residue Trp in loop 5 by the
more hydrophilic Arg and Ser residues (KB1-W19R and
KB1-W19S) and the less hydrophobic Ala residue (KB1-
W19A) was explored. Finally, the Pro residue in loop 3, which
has been found to be important for defining the b turn in this
loop,[9] was mutated to Ala (KB1-P13A).

The “one-pot” cyclization/folding reaction was very
efficient for all the mutants tested with yields ranging from
10!60%, this therefore highlights the robustness of this
structural fold for the construction of molecular libraries. The
possibility of using this methodology to biosynthesize libraries
based on the cyclotide KB1 was also explored. A small library
that contained KB1 and the mutants KB1-V1G, KB1-T5G,
KB1-T10G, and KB1-P14Awere expressed inE. coli and then
cyclized and folded as described above. The HPLC and ES-
MS analysis of the single-pot cyclization/folding reaction

revealed the presence of all of the five members of the library
(Figure 3d). Quantification of the individual members by ES-
MS and HPLC showed that all the cyclotides were produced
with similar yields. Standard deviation for the yields of all the
five members was within 30%.

In summary, we have described for the first time the
biosynthesis of the cyclotide KB1 in E. coli. We have also
shown that our biosynthetic approach very efficiently gen-
erates, in one single-pot reaction, natural KB1 as well as
several mutants. This approach can also be used to generate
cyclotide-based libraries that could be screened in vitro for
biological activity. Furthermore, one can easily envision that
by using cellular environments that are less reductive than E.
coliJs cytoplasm, this biosynthetic method could be adapted
for in vivo biosynthesis of cyclotides.
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