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ABSTRACT: Kalata B1 is a member of a new family of polypeptides, isolated from plants, which have a
cystine knot structure embedded within an amide-cyclized backbone. This family of molecules are the
largest known cyclic peptides, and thus, the mechanism of synthesis and folding is of great interest. To
provide information about both these phenomena, we have synthesized kalata B1 using two distinct
strategies. In the first, oxidation of the cysteine residues of a linear precursor peptide to form the correct
disulfide bonds results in folding of the three-dimensional structure and preorganization of the termini in
close proximity for subsequent cyclization. The second approach involved cyclization prior to oxidation.
In the first method, the correctly folded peptide was produced only in the presence of partially hydrophobic
solvent conditions. These conditions are presumably required to stabilize the surface-exposed hydrophobic
residues. However, in the synthesis involving cyclization prior to oxidation, the cyclic reduced peptide
folded to a significant degree in the absence of hydrophobic solvents and even more efficiently in the
presence of hydrophobic solvents. Cyclization clearly has a major effect on the folding pathway and
facilitates formation of the correctly disulfide-bonded form in aqueous solution. In addition to facilitating
folding to a compact stable structure, cyclization has an important effect on biological activity as assessed
by hemolytic activity.

Kalata B1 is the founding member of a new family of
large cyclic polypeptides which have a disulfide-stabilized
core and an unusual knotted structure. The uterotonic activity
of kalata B1, which is isolated from the African plant
Oldenlandia affinis, was first described in the early 1970s
(1, 2) based on anecdotal reports of the use of the plant by
the women of the Lulula tribe to accelerate childbirth. Kalata
B1 was purified from extracts of the plant and identified as
an active uterotonic agent; however, it was not until 1995
that the primary structure of the peptide was confirmed (3).
The peptide contains 29 amino acids, three disulfide bonds,
and the unusual feature, for a peptide this large, of a cyclized
backbone. Over the past few years, several other cyclic
peptides with similar sizes and cysteine residue spacings have
been reported, and together, they apparently form a new
family of macrocyclic peptides. The currently known se-
quences are shown in Table 1. Prior to the discovery of these
molecules, the largest known cyclic peptides contained fewer
than 15 amino acids.

Most of these macrocyclic peptides have been found in
plants from the Rubiaceae family, of whichO. affinis is a
member. Circulin A and B were isolated fromChassalia
parVifolia (4), and cyclopsychotride A (5) was isolated from
Psychotria longipes. These peptides all have a cyclic
backbone, and their sequences are somewhat homologous
with that of kalata B1 (Table 1). Examples also occur in the
Violaceae family, with the first reported member being

violapeptide I isolated fromViola arVensisMurray (6). More
recently, varv peptide A, which only differs from kalata B1
by a threonine to serine substitution (Table 1), was also
isolated fromV. arVensisMurray (7). Thus, it appears these
large cyclic peptides may be quite widespread in plants.

This family of peptides is of particular interest because
the individual members exhibit a diverse range of biological
activities. The circulins exhibit anti-HIV activity (4); cy-
clopsychotride A inhibits neurotensin binding to cell mem-
branes (5), and kalata B1 exhibits uterotonic activity (3, 8).
In the case of the circulins and cyclopsychotride A, the
biological activities were originally identified on the basis
of screening assays. Violapeptide I was found in a search
for saponins in the methanol fraction of plant extracts using
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Table 1: Sequence Alignment of Cyclic Peptidesa

a Kalata B1 was isolated from the African plantO. affinis DC(3, 8)
and varv peptide A fromV. arVensisMurray (Violaceae) (7). Circulins
were isolated from the African tropical treeC. parVifolia (Rubiaceae)
(4). Cyclopsychotride A was isolated from the South American tropical
plantP. longipesMuell. Arg. (Rubiaceae) (5) and violapeptide I from
V. arVensis(Violaceae) (6).
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a hemolytic activity assay. Saponins were not found;
however, violapeptide I exhibited hemolytic activity (6). Varv
peptide A was not isolated on the basis of biological ac-
tivity assays but rather in a study of isolation procedures
from plants (7). As mentioned previously, anecdotal reports
from native medicine studies led to the discovery of kalata
B1 (1, 2).

The three-dimensional structure of kalata B1 has been
determined using two-dimensional NMR spectroscopy (3),
and we recently also determined the three-dimensional
structure of circulin A (9). The structures of the two
polypeptides are very similar, consisting of a triple-stranded
â-sheet connected by turns, and a sulfur core derived from
the six closely packed cysteine residues (3). The presence
of an exceptionally well-defined structure with a tightly
packed core suggests that these polypeptides may be regarded
as “mini-proteins”. Analyses of the structures generated from
the NMR data suggest the most likely connectivity of the
three disulfide bonds is 1-15, 5-17, and 10-22. A
fascinating feature of the structure is that in this arrangement
of disulfides, the loop formed by two of the bonds and their
connected peptide backbone is “threaded” by the third
disulfide bond, leading to a motif which is termed a cystine
knot (10-12). In kalata B1, the added feature of a cyclic
backbone in this motif has led us to refer to this as a cyclic
cystine knot structure. The topology of this framework is
shown in Figure 1. The dotted line represents the core of
the knot through which the darkly shaded disulfide bond is
threaded.

The function of these cyclic mini-proteins within plants
has not been established, but it most likely involves a defense
mechanism. The means by which they are produced in vivo
is also unknown. This presumably involves the production
of a linear precursor protein followed by cleavage and/or
cyclization. Such cyclization would presumably be assisted
by an enzyme, although this has yet to be established.
Because of the novelty of this class of molecules and their
cyclic nature, we have explored methods of their synthesis
and folding in vitro.

In this report, we describe the chemical synthesis and
folding of the macrocyclic peptide kalata B1 using two
strategies. In the first, oxidation of the cysteine residues of

a linear precursor protein to form the correct disulfide bonds
results in the folding of the three-dimensional structure and
preorganization of the termini in close proximity. Cyclization
is then achieved via conventional peptide bond chemistry.
The second approach involves cyclization prior to oxidation.
The cyclization reaction is achieved using a C-terminal
thioester which reacts with an N-terminal cysteine residue
to produce a native peptide bond. The cysteine residues are
then oxidized to form the three disulfide bonds. Both methods
are shown to yield product that is identical with the native
peptide. Important differences in the folding pathways were
observed between the two synthetic strategies, and in
particular, a dramatic effect of cyclization on folding is
apparent.

MATERIALS AND METHODS

Peptide Synthesis.Linear kalata B1 was assembled using
manual solid-phase peptide synthesis with Boc chemistry on
a 0.5 mmol scale. The C-terminal glycine was attached to
the resin via a PAM1 linker (Applied Biosystems, Foster City,
CA), and amino acids were added to the resin using HBTU
with in situ neutralization (13). Cleavage of the peptide from
the resin was achieved using hydrogen fluoride withp-cresol
and p-thiocresol as scavengers [9:0.5:0.5 (v/v) HF:cresol:
thiocresol]. The reaction was allowed to proceed at-5 to 0
°C for 1 h; HF was removed under vacuum and the peptide
precipitated with ether. Following cleavage, the peptide was
dissolved in 50% acetonitrile containing 0.1% TFA and
lyophilized. The crude, reduced peptide was purified using
preparative RP-HPLC on a Vydac C18 column. Gradients of
0.1% aqueous TFA and 90% acetonitrile/0.09% TFA were
employed with a flow rate of 8 mL/min, and the eluant was
monitored at 230 nm. These conditions were used in the
subsequent purification steps. Mass analysis was performed
on a Sciex (Thornhill, ON) triple-quadrupole mass spec-
trometer using electrospray sample ionization.

A second synthesis was performed using automated solid-
phase peptide synthesis on a Boc-Gly-SCH2CH2CO Gly-
PAM resin. The three-step reaction involved in synthesizing
the linker is the procedure published by Camarero et al. (14).
The linker was attached to the Gly-PAM resin by treating
the resin with bromopropanoic acid and DIC for 30 min,
washing with DMF, and then treating the resin with 10%
thioacetic acid and 10% DIEA in DMF for 2× 20 min. The
resin was again washed with DMF and treated with 10%
â-mercaptoethanol and 10% DIEA in DMF for 2× 20 min.
After a final wash with DMF, Boc-glycine was coupled to
the resin using HBTU and DIEA. The formyl group was
not removed from the tryptophan with ethanolamine prior
to HF cleavage. A ratio ofp-cresol andp-thiocresol different

1 Abbreviations: DIEA,N,N-diisopropylethylamine; DMF, dimeth-
ylformamide; BOP, benzotriazol-1-yloxy tris(dimethylamino)phospho-
niumhexafluorophosphate; HF, hydrofluoric acid; PAM, 4-(oxymethyl)-
phenylacetamidomethyl; HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium; TFA, trifluoroacetic acid; RP-HPLC, reversed-
phase high-performance liquid chromatography; DIC, diisopropyl
carbodiimide; TCEP, tris(2-carboxyethyl)phosphine hydrochloride;
NMR, nuclear magnetic resonance; TOCSY, two-dimensional total
correlation spectroscopy; NOE, nuclear Overhauser effect; NOESY,
two-dimensional NOE spectroscopy; WATERGATE, water suppression
by gradient-tailored excitation; DSS, sodium 2,2-dimethyl-2-silapentane-
5-sulfonate; CD, circular dichroism; PBS, phosphate-buffered saline;
SDS, sodium dodecyl sulfate.

FIGURE 1: Schematic representation of the structural motif present
in kalata B1 and circulin A highlighting the cyclic nature and
knotted topology of the disulfide bonds. The disulfide bond which
is shown in black represents the bond which threads through the
other two disulfide bonds in the cystine knot motif. The starting
point for numbering the residues is arbitrary and is taken from
Table 1.

Synthesis and Folding of Kalata B1 Biochemistry, Vol. 38, No. 32, 199910607



from that used in the previous synthesis was used during
the HF cleavage (800µL of p-cresol and 200µL of
p-thiocresol). The crude peptide was solubilized and purified
as in the previous synthesis.

Disulfide Formation.Oxidation reactions were originally
performed by dissolving the reduced peptide in either 0.1
M ammonium bicarbonate (pH 8.5) or 0.33 M ammonium
acetate and 0.5 M guanadinium chloride (pH 7.8) at
concentrations of 0.1-0.5 mg/mL (by weight). Reduced
glutathione (1 mM) was added to the oxidation buffers to
allow disulfide interchange, and reaction mixtures were left
at either 4°C or room temperature for 1-5 days. Subsequent
oxidations were carried out in the presence of organic
solvents. Reduced peptide [0.1-0.5 mg/mL (by weight)] was
dissolved in 0.1 M ammonium bicarbonate (pH 8.5), 50%
organic solvent (v/v), and 1 mM reduced glutathione. The
organic solvents that were used were methanol, ethanol,
2-propanol, and acetonitrile. Reaction mixtures were left at
room temperature for 1-2 days. All oxidations were
analyzed by RP-HPLC on a Vydac C18 column with
monitoring at 214 nm and by mass spectrometry using
electrospray sample ionization. Prior to purification of the
oxidized peptide using preparative RP-HPLC, the pH of the
oxidation reaction mixture was lowered with TFA and then
the mixture diluted with 0.1% TFA and loaded onto the
preparative reversed-phase column for purification.

Cyclization. In the first synthesis, oxidized open kalata
B1 was cyclized (∼1 mg/mL) using a 1-10-fold molar
excess of HBTU or BOP with an excess of DIEA in DMF.
Aliquots were taken out of the reaction mixture, quenched
with 0.1% TFA, and analyzed by RP-HPLC. HBTU and
BOP gave similar results, and HBTU was used in the
preparative reactions which were quenched after 30 s and
the cyclic material purified using semipreparative RP-HPLC
on a Vydac C18 column. Approximately 2% of the correctly
folded material was obtained from the crude peptide using
this strategy.

In the second synthetic method, the reduced thioester
peptide (∼1 mg/mL) was cyclized in 0.1 M sodium
phosphate (pH 7.4), with a 6-fold excess of TCEP at room
temperature. Aliquots were taken out and quenched with
0.1% TFA. All linear material was cyclized within 30 min.
A significant proportion of the resulting cyclic peptide had
the formyl group removed. Following oxidation of this cyclic
peptide, the yield (from the crude peptide) was approximately
7%.

Comparison of NatiVe and Synthetic Kalata. To compare
the retention times of synthetic and native kalata B1, the
peptides were combined at a ratio of 1:2 and run isocratically
at 34% solvent B (0.09% TFA in 90% acetonitrile) on RP-
HPLC using a Vydac C18 analytical column with monitoring
at 214 nm.

CD Spectroscopy.CD spectra were recorded on a Jasco
J-710 spectropolarimeter (Tokyo, Japan) over the wavelength
range of 260-190 nm using a 1.0 mm path length cell, a
bandwidth of 1.0 nm, a response time of 2 s, a scan rate of
20 nm min-1, and averaging over two scans. Spectra were
recorded on samples of native and synthetic kalata and a
sample of native circulin B at 50µM. The concentration was
measured using the absorbance at 280 nm and anε value
calculated from the amino acid composition (15).

NMR Spectroscopy.The linear oxidized analogue of kalata
B1 was dissolved in 10% D2O at a concentration of
approximately 2.5 mM at pH 3.5. For the comparison of
synthetic and native kalata B1, the peptides were dissolved
at a concentration of 0.2 mM in 10% D2O at pH 3.25 and
3.4, respectively.1H NMR spectra were recorded at 300 and
303 K on Bruker ARX 500 and DRX 750 spectrometers.
TOCSY spectra (16) were recorded using a MLEV-17 spin
lock sequence (17) with a mixing time of 80 ms, and NOESY
spectra (18) were recorded with a 200 ms mixing time. The
water signal was suppressed in TOCSY and NOESY spectra
using a modified WATERGATE sequence (19) in which two
gradient pulses with a 2 msduration and 6 G cm-1 strength
were applied on either side of a binomial 3-9-19 pulse. Two-
dimensional results were generally acquired over 6024 Hz
and collected into 4096 data points with 512t1 increments
of 32-64 scans. Spectra were processed on a Silicon
Graphics Indy workstation using UXNMR (Bruker) software.
Generally, both dimensions were multiplied by a sine-bell
function shifted by 90°, and a polynomial baseline correction
was applied to selected regions.

Hemolytic ActiVity Assay. The protocol used for the
hemolytic assays is from Terras et al. (20). Human eryth-
rocytes (blood group O) were washed several times with
phosphate-buffered saline (PBS) and centrifuged at 3500 rpm
until a clear supernatant was obtained. A 1% solution of the
red blood cells in PBS was used in the assays which were
performed by adding 20µL of the test compound to 80µL
of the 1% suspension of red blood cells. Samples were
assayed at a concentration of 1-70 µM. A 1% solution of
SDS was used as a control for 100% hemolysis (20). The
mixtures were left at room temperature for 1 h and then
centrifuged at 3500 rpm for 1 min. The supernatant (20µL)
was diluted with 580µL of milli Q water and the absorbance
measured at 415 nm.

RESULTS

The family of molecules exemplified by kalata B1
represents the only known example of proteins with cyclic
backbones. The mechanism of synthesis and folding of this
unusual family of molecules is thus of great interest. Two
distinct strategies were applied to the synthesis of kalata B1,
and both provided unique information about folding. The
first strategy took advantage of the compact three-dimen-
sional structure formed upon oxidation of the cysteine
residues in the linear peptide. The ability to fold the linear
peptide with native disulfide bonds allowed cyclization to
be achieved using conventional peptide bond chemistry
because of the extremely close proximity of the termini. In
the absence of such preorganization of the reactive termini,
head-to-tail oligomerization would normally be favored. In
the second strategy, the alternative approach was carried out
in that cyclization was performed prior to oxidation. Cy-
clization was achieved using a C-terminal thioester which
reacted with an N-terminal cysteine to form a cyclic thioester
which then underwent an S,N acyl transfer to produce a
native peptide bond. This strategy revealed a dramatic effect
of cyclization on folding; i.e., cyclization increases the
propensity for correct folding. A schematic representation
of the two synthetic strategies is given in Figure 2. The linear
precursors differ for the two methods; however, both
approaches result in fully oxidized cyclic polypeptides.
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Because the native material is amide-cyclized and because
the gene encoding kalata B1 has not yet been identified, it
is not obvious where the N- and C-termini of the native
precursor molecule might be. Thus, there are in principle
29 possible linear precursors from which an in vitro synthesis
could commence. We have chosen two different starting sites
for the synthesis on the basis of the two different synthetic
strategies as discussed below.

Strategy 1: Oxidation Followed by Cyclization.In this
approach, oxidation of a linear precursor is achieved prior
to cyclization, but the choice of “end groups” for the
cyclization reaction is critical in the design of the linear
precursor. In particular, the possibility of racemization is an
important factor to consider when performing peptide bond
cyclization reactions in solution. Fortuitously, kalata B1
contains a Gly-Gly sequence (residues 7 and 8, Table 1)
which provided a cyclization site without the prospect of
racemization. Further, this Gly-Gly sequence is involved in
a â-turn and not in the major structural element of kalata
B1, a triple-strandedâ-sheet, and thus, we considered that
initial notional disconnection of the bond between these
residues was unlikely to significantly affect the folding of
the peptide. A schematic representation of the protocol
followed to obtain the cyclic polypeptide is given in Figure
3. This highlights the position of the (now) terminal residues
and the fact that correct oxidation and folding of the molecule
necessarily result in their spatial proximity. The linear
oxidized peptide which has not been cyclized is referred to
throughout the text as open kalata B1. Open kalata B1 is
cyclized to form synthetic kalata B1.

The linear precursor (GTCNTPGCTCSWPVCTRNGLP-
VCGETCVG) was assembled and cleaved from the resin
with HF and subsequently purified using RP-HPLC. No
oxidation of the cysteine residues was observed during the
purification. The molecular mass and purity were confirmed
by mass spectrometry and C18 analytical RP-HPLC, respec-
tively. Various conditions were employed in the oxidation
of the reduced peptide. Initial oxidations were performed with
0.1 M ammonium bicarbonate (pH 7.8, 8.5, or 9) in the
presence of 1 mM reduced glutathione. Multiple product
peaks were observed on RP-HPLC under these conditions,
as shown in Figure 4A. Similar results were obtained at 4
°C and at room temperature (results not shown). In addition,

the presence of denaturants (urea and guanidine) or varying
the peptide concentration between 0.1 and 0.5 mg/mL did
not significantly alter the distribution of oxidized forms, and
the results were very similar to that in Figure 4A.

Given the low yield of correctly folded product in a wide
range of aqueous solution conditions, it became clear that
correctly folded kalata B1 would require significantly dif-
ferent folding conditions. Examination of the three-dimen-
sional structure of native polypeptide showed that a large
proportion of hydrophobic residues are surface-exposed.
Subsequent oxidation reactions were performed in the
presence of organic solvents in an attempt to stabilize the
formation of these surface-exposed hydrophobic residues.
Early studies were consistent with this rationale as it was
reported that the solubility of kalata B1 was much higher in
aqueous methanol and ethanol than in water alone (21).
HPLC traces from oxidations [0.1 M ammonium bicarbonate
(pH 8.5) and 1 mM reduced glutathione] performed in the
presence of 50% (v/v) methanol, ethanol, 2-propanol, and
acetonitrile are given in Figure 4. It appeared this strategy
had produced the correctly folded material as a late eluting
peak which was observed with a retention time much closer
to that of the native peptide than to those of the other isomers
present. The highest proportion of the late eluting peak was
observed with 2-propanol, and there appears to be a
correlation with polarity within this series of alcohols that
were examined. As the polarity decreases, the proportion of

FIGURE 2: Representation of the steps involved in the two synthetic
strategies used in the synthesis of kalata B1. One protocol involved
oxidizing the peptide prior to cyclization, and the other involved
cyclizing the peptide and then oxidizing the reduced cyclic peptide.
Both protocols produced fully oxidized cyclic peptide.

FIGURE 3: Schematic representation of the two steps involved in
the synthetic strategy used in the first synthesis of kalata B1. The
linear peptide was assembled and oxidized, placing the N- and
C-termini in close proximity and greatly facilitating the final
cyclization step.
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correctly folded material increases. Presumably, 2-propanol
allows stabilization of the hydrophobic residues and is
compatible with the hydrophilic residues. This late eluting
isomer (open kalata B1) was purified using RP-HPLC and
further analyzed by NMR spectroscopy prior to N-to-C
cyclization in solution using HBTU. The major forms of the
earlier eluting peaks from the oxidation reactions were
isolated, and their masses were consistent with fully oxidized
peptides; however, the retention times on RP-HPLC clearly
show they are significantly more hydrophilic. Further
characterization of these forms was not carried out.

In the native peptide, the residues corresponding to the
termini in open kalata B1 are involved in aâ-turn. The
disulfide bonds formed during oxidation of the linear
precursor result in a three-dimensional fold of the molecule
in which the termini are very close in space as determined
by NMR spectroscopy. Thus, cyclization, rather than oligo-
merization, occurs readily, presumably because of the
effectively higher local concentration of intramolecular
reactive groups. Figure 5 shows that after 30 s a significant
yield of cyclized, oxidized kalata B1 is present. Allowing
the reaction to proceed for a longer period of time generally
resulted in reduced yield, most likely due to the formation
of polymeric material through side reactions involving the
unprotected glutamic acid residue. Despite this, sufficient

amounts of cyclic polypeptide were isolated for NMR
analysis. Cyclization and correct folding were confirmed
using mass spectrometry and HPLC coelution with the native
peptide.

Strategy 2: Cyclization Followed by Oxidation.While this
work was in progress, Tam and Lu (22, 23) and Camarero
et al. (14) suggested an alternative approach to the cyclization
of large peptides which overcomes the potential disadvantage
of side chain interactions. In the elegant procedures suggested
by both groups, a thioester is formed between the N-terminal
cysteine residue and the functionalized C-termini which
subsequently undergoes an S,N acyl migration to form a
native peptide bond. The second general strategy used in
the study described here to synthesize kalata B1 is via an
approach similar to those above and is given in Figure 6.

An N-terminal cysteine was required for the thioester
method, and a glycine was chosen as the C-terminal residue
to decrease steric hindrance. Thus, residues 14 and 15 which
correspond to Gly and Cys were chosen as the C- and
N-termini, respectively, for the linear peptide (i.e., CTC-
SWPVCTRNGLPVCGETCVGGTCNTPG-SCH2CH2CO-
Gly). The integrity of the thioester peptide after cleavage
from the resin was confirmed using mass spectrometry and
analytical HPLC. Cyclization was achieved using 0.1 M
sodium phosphate (pH 7.4) with an excess of TCEP; data
were taken at time points during the reaction, and the samples
were quenched with 0.1% TFA and analyzed by RP-HPLC.
The results are summarized in Figure 7 and show that despite
the large size of the peptide the reaction occurs relatively
quickly and cleanly.

Oxidation of the reduced cyclic peptide in aqueous buffer
[0.1 M ammonium bicarbonate (pH 8.5) and 1 mM reduced
glutathione] (Figure 8) was strikingly different from that
observed for the linear peptide (Figure 4A). A very large
proportion of the cyclic peptide folded into the native
conformation in contrast to the linear form where negligible
amounts of the correct fold were produced, indicating
cyclization has a major effect on the folding pathway. The
effect of organic solvent on the folding of the cyclic reduced
peptide is also shown in Figure 8. Clearly, in the presence
of 2-propanol, the folding efficiency is improved as the
peptide folds into a single disulfide isomer. Once again, the
integrity of the purified peptide was confirmed by mass
spectrometry and HPLC coelution with the native peptide.

FIGURE 4: HPLC traces of oxidation reactions with the linear
analogue obtained from the first synthetic strategy. Reactions were
performed at room temperature in 0.1 M ammonium bicarbonate
(pH 8) and 1 mM reduced glutathione (A) and in the presence of
50% acetonitrile (B), 50% methanol (C), 50% ethanol (D), and 50%
2-propanol (E). The gradient used was 20 to 50% B over the course
of 30 min. The retention times of the reduced and correctly oxidized
forms are denoted with arrows and marked with R and O,
respectively. The earlier eluting peaks which are labeled with
asterisks have molecular masses consistent with the fully oxidized
peptide. The polarities of the solvents acetonitrile, methanol, ethanol,
and 2-propanol are 0.65, 0.95, 0.88, and 0.82, respectively. The
proportions of the correctly folded material to the misfolded material
for each solvents are approximately 2% for buffer alone, 10% for
acetonitrile, 9% for methanol, 13% for ethanol, and 28% for
2-propanol.

FIGURE 5: HPLC trace monitoring cyclization with HBTU of open
kalata B1. The reaction was stopped after 30 s and quenched with
0.1% TFA. The gradient used was 10 to 45% B over the course of
70 min.
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Coelution of NatiVe and Synthetic Kalata. Synthetic kalata
B1 derived from each of the above methods was separately

mixed at a 2:1 ratio with native kalata B1 and analyzed with
RP-HPLC run isocratically at 34% solvent B (0.09% TFA
in 90% acetonitrile/water). In both cases, a single sym-
metrical peak was obtained (results not shown), providing
very strong evidence that the correct isomer was obtained.
The synthetic products were further examined by CD and
NMR spectroscopy.

CD Spectroscopy. A comparison of the CD spectra of
native and synthetic kalata B1 is given in Figure 9. The
spectra are essentially the same, within experimental error,
confirming that the same elements of secondary structure
are present in both peptides. The CD spectra are nonclassical
in that they do not correspond to particular types of secondary
structure and thus indicate the presence of irregular secondary
structure. This interpretation is consistent with the three-
dimensional structure established from NMR studies (3)
which contains a series ofâ-turns and loops and a distorted
triple-strandedâ-sheet.

NMR Spectroscopy.The NMR signals of the open,
oxidized form of kalata B1 are well-dispersed in the amide
region, and the individual amino acid spin systems were
readily identified. These were assigned to specific amino
acids in the sequence using two-dimensional TOCSY and
NOESY experiments (24). 1H chemical shifts for backbone
and side chain protons are provided as Supporting Informa-
tion. An RHi-RHi+1 NOE is present between Trp 19 and

FIGURE 6: Schematic representation of the second protocol used
to synthesize kalata B1. Cyclization was achieved using a C-
terminal thioester which reacts with the N-terminal cysteine residue
and was followed by oxidation of the cysteine residues.

FIGURE 7: HPLC traces of the cyclization of the thioester of kalata
B1. Aliquots were taken out of the reaction mixture at 1 (A), 5
(B), 10 (C), and 30 min (D), quenched with 0.1% TFA, and
analyzed using a gradient of 20 to 70% B over the course of 50
min. The base-labile formyl protecting group on the tryptophan
side chain, which was maintained during HF cleavage, was removed
to a significant extent (∼60%) during the cyclization reaction; the
protected and deprotected peptides coelute under these conditions.

FIGURE 8: HPLC traces comparing the oxidation of cyclic reduced
kalata B1 with and without organic solvent. Reactions were
performed at room temperature in 0.1 M ammonium bicarbonate
(pH 8) and 1 mM reduced glutathione in the absence (A) and
presence (B) of 2-propanol. The gradient used was 20 to 60% B
over the course of 40 min. The retention times of the reduced
thioester peptide and cyclic reduced peptide are labeled with R and
C, respectively, and denoted with arrows. The peptide used in these
oxidation reactions was from previously oxidized and cyclic peptide
which was reduced and reoxidized in the presence and absence of
organic solvent.

FIGURE 9: CD spectra of synthetic and native kalata B1 shown as
thick and thin black lines, respectively. Spectra were recorded at a
concentration of 50µM on a Jasco J-710 spectropolarimeter.
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Pro 20 (numbering system used for kalata B1), indicating
that the intervening peptide bond is in a cis conformation.
The other two prolines have NOEs indicative of trans
conformations. A comparison of the chemical shifts of the
open analogue and synthetic kalata B1 is given in Figure
10. TheRH chemical shifts of open kalata B1 follow very
closely those of the native peptide with the exception of those
of residues 5-8 which are either very close to or involved
in the ligation point. Given the extremely sensitive depen-
dence of chemical shifts on the local three-dimensional
environment, the similarity between the open analogue and
synthetic kalata B1 indicates that the purified isomer does
contain the native fold and thus the native disulfide bonding
pattern. Further, the three-dimensional structure is not greatly
perturbed by the break at residues 7 and 8.

Following cyclization of the open analogue, NMR spectra
were recorded for the product, cyclic kalata B1. Resonance
assignments were obtained as described for the open
analogue. The spectra of the native and synthetic peptides
are essentially identical (Figure 11). The chemical shifts of
native kalata B1 are within 0.05 ppm of those for synthetic
kalata B1 with the exception of those of Asn 11, Thr 16,
and Asn 25 which differ by only 0.1 ppm. The pH of the
samples was slightly different (pH 3.4 for native kalata B1
and pH 3.2 for synthetic kalata B1), and this readily accounts
for the small difference in the amide chemical shift of these
residues. Asn 11 is particularly sensitive to changes in pH;
however, the significance of this is unknown. A comparison
of theRH shifts of the synthetic and native peptides, which

are in general less affected by changes in pH, emphasizes
the identical nature of the two peptides. As seen in the open
analogue, a cis proline is present in synthetic and native
kalata B1 in position 20.

Hemolytic ActiVity. As one of the earliest discovered
peptides from this family, violapeptide I, was reported to
have hemolytic activity (6), but other members have not been
tested it was of interest to probe for hemolytic activity in
native and synthetic kalata B1, and in the open analogue.
The effects of these analogues on human erythrocytes were
thus examined using the procedure described by Terras et
al. (20). Native and synthetic kalata B1 exhibited identical
activities, with 50% hemolysis occurring at 50µM kalata
B1. No hemolysis occurred with the open analogue at a
concentration of 70µM. Circulin B was also examined in
the hemolytic assay to provide a comparison with another
member of the cyclic cystine knot family. Approximately
50% hemolysis occurred with 30µM circulin B, making it
slightly more potent than kalata B1. These results are
presented in Table 2. The fact that moderate hemolytic
activity has now been seen for several members of the cyclic
cystine knot family suggests that it may be a common
characteristic of the family.

DISCUSSION

Insights into the folding of the cyclic cystine knot class
of molecules were obtained from the two synthetic strategies
applied to kalata B1. The correctly disulfide-bonded form
of open kalata B1 was not a favored product of oxidation
reactions carried out in the absence of organic solvent. To
allow formation of the correctly folded form in significant
yield, a hydrophobic environment was required, presumably
because this helps to stabilize the hydrophobic residues which
are exposed on folding. In general, it is considered that
protein folding is accompanied by burial of hydrophobic
residues, and this is consistent with the results of folding
linear kalata B1 in aqueous solution. This is shown by the
shorter retention times, in general, of the folded products
on RP-HPLC compared to that of the reduced form,
indicating the products are more hydrophilic. However, in
the presence of organic solvent, the driving force of the
folding of the linear peptide no longer appears to be burial
of hydrophobic residues as the major form produced in
organic solvent (i.e., 50% 2-propanol) elutes significantly
later than the reduced material on RP-HPLC, suggesting the
molecule is now much more hydrophobic. The major form
was isolated and shown by NMR spectroscopy to have a
fold similar to that of the native peptide which has a cystine
knot core and surface-exposed hydrophobic residues. Thus,
it appears likely that in this case burial of the cysteine
residues drives the folding. In support of this proposal,
disulfide bond formation has been found to be an important

FIGURE 10: Comparison of the difference inR-proton chemical
shifts of synthetic kalata B1 and the open analogue. Chemical shifts
were measured relative to internal DSS on spectra recorded on a
Bruker ARX 500 MHz spectrometer at 300 K. Samples were
approximately 1 mM at pH 3.5.

FIGURE 11: Amide region of TOCSY spectra of native and synthetic
kalata B1. Spectra were recorded on a Bruker Avance 750 MHz
spectrometer on samples at a concentration of 0.2 mM at pH 3.2
for the synthetic material and at pH 3.4 for the native material.

Table 2: Hemolytic Activity of Cyclic Peptides and a Linear
Analoguea

peptide approximate HD50 (µM)

native kalata B1 50
synthetic kalata B1 50
circulin B 30
open kalata B1 (linear peptide) no activity detected at 70µM
aHD50 is the concentration at half-maximal lysis of erythrocytes.
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factor in the folding of other small cysteine-rich peptides,
such as theω-conotoxin MVIIA (25). However, in the case
of MVIIA and other ω-conotoxins, oxidation generally
results in a structure which is less hydrophobic than the
reduced form, in stark contrast to kalata B1. In a further
contrast, theR-conotoxin MII, like kalata B1, becomes more
hydrophobic upon oxidation; however, unlike kalata B1, it
still folds readily in aqueous buffers (26). The above
observations suggest that the balance between disulfide-
driven folding and hydrophobic core-driven folding is finely
poised and can vary depending on the size and amino acid
content of disulfide-rich peptides.

The folding efficiency of cyclic reduced kalata B1 was
much greater than that of the linear form. Prior cyclization
of the molecule overcame the difficulties associated with
folding in the absence of organic solvent, and for the cyclic
precursor, a large proportion of the correctly folded material
was obtained from oxidation in aqueous buffer. Folding of
the cyclic material occurs even more efficiently in 2-pro-
panol, suggesting that a range of folding conditions is
tolerated for cyclic kalata B1. Cyclization appears to allow
the disulfides to drive the folding at the expense of placing
the hydrophobic residues on the surface and, thus, provides
an interesting mechanism by which folding is controlled.

It is interesting that oxidation of circulin B in the presence
of reduced and oxidized glutathione produced relatively low
yields of correctly folded material (2.5%), and selective
protection of the cysteine residues was required (23).
Although the cysteine frameworks of kalata B1 and circulin
B are similar, the remainder of the sequences differ signifi-
cantly and this apparently leads to different folding efficien-
cies.

The misfolded products of kalata B1 detected by HPLC
under various oxidation conditions most likely arise from
non-native disulfide bond connectivities. In the original
structure determination of kalata B1 (3), the disulfide
connectivities were deduced from NOE data, although there
still remained a degree of ambiguity among two or three
possible S-S connectivity patterns. In the course of that
initial structural study, families of structures were calculated
for each of the 15 possible disulfide connectivities and many
of these structural families were found to be very similar to
each other. The disulfide bonds form a core which is very
closely packed, and the structure calculations suggested that,
in principle, different disulfide connectivities could easily
be accommodated within the same global fold. However,
the experimental data in the study presented here suggest
that misfolded derivatives do not necessarily reach this
equilibrium fold with a tightly packed disulfide core. The
misfolded forms of open kalata B1 all behave very differently
on HPLC with respect to the correctly folded form in that
they are significantly less hydrophobic. This change in
hydrophobic character suggests that the misfolded forms have
structures quite different from the native form. It appears
that the misconnection of S-S bonds results in the trapping
of structures in misfolded intermediates which fail to reach
the theoretical equilibrium states predicted by the calculations
with a disulfide core and global fold not too different from
those of the native state but with different disulfide connec-
tivities.

The initial ambiguity in determining the disulfide bonding
pattern for native kalata B1 arose because classical chemical

methods failed due to the very tightly packed disulfide core
and resistance of the oxidized peptide to enzymatic cleavage
(3). Subsequent studies have however supported the original
NMR-based deduction of S-S connectivities. Calculation
of the circulin A structure also involved the use of NMR
data in deducing the disulfide connectivities (9), and these
were found to be equivalent to those in kalata B1. A chemical
analysis of the disulfide connectivities of circulin A has also
been carried out using acid hydrolysis and mass spectrometry
and led to the same conclusion (27). This result has also
been confirmed by synthetic studies carried out with cy-
clopsychotride A using cyclization via a thioester combined
with a partial selective oxidation (22, 23).

In addition to examining the role of disulfide bonds in
the folding of kalata B1 and related molecules, we also
examined the role of proline residues. Proline residues have
been implicated in producing trapped non-native disulfide-
bonded peptides (28) because cis-trans isomerization is
relatively slow (29). For example, the folding of decorsin, a
39-residue RGD protein, was relatively difficult compared
to that of hirudin HVI and charybdotoxin (28), with non-
native species present in the oxidation of decorsin in contrast
to the other two peptides. It was postulated that this difference
may be ascribed to the presence of a large proportion of
prolines in decorsin compared to that in hirudin and
charybdotoxin. Interestingly, kalata B1 folds very efficiently
in the presence of 2-propanol despite containing three
prolines, one of which is in the cis conformation.

In this study, synthetic and native kalata B1 and circulin
B have been shown to have relatively weak hemolytic
activity. The open analogue of kalata B1 did not display this
activity at a concentration of 70µM. The cytolytic activity
may be a result of the cyclic molecules forming pores in
membranes. In general, peptides and proteins which form
pores in membranes either have amphipathic helices which
are long enough to span a membrane or oligomerize and
consist mainly ofâ-sheet structure (30). The main structural
feature of kalata B1 is a triple-strandedâ-sheet with a
solvent-exposed hydrophobic face which is formed upon
disulfide bond formation as discussed above. This hydro-
phobic face of the molecule may promote oligomerization
in the presence of membranes, although aggregation does
not appear to occur in aqueous solution. Many pore-forming
peptides have been shown to contain cationic residues which
bind to the negatively charged lipids (31). Kalata B1 only
contains one arginine residue and no lysines; by contrast,
circulin B contains one arginine and a KNK sequence which
is also present in circulin A and cyclopsychotride A. If the
peptides act by forming pores, the presence of two extra
positively charged residues in circulin B may explain the
difference in hemolytic activity between kalata B1 and
circulin B. Other possible mechanisms of action include the
formation of a transient hexagonal phase in the lipids leading
to membrane disruption or by forming “holes” which allow
water and ion transit leading to cells bursting.

As discussed above, the open analogue of kalata B1 retains
the basic three-dimensional structure of the native peptide,
suggesting that either the cyclic nature of the peptide, and
the subsequent loss of a positive and negative charge, or the
â-turn which has been disrupted may be integral in mem-
brane disruption. Further analogues are required to assess
these possibilities.
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CONCLUSIONS

Dramatic differences in folding are observed between the
linear and cyclic forms of kalata B1. Entropic effects may
play a role in the improved folding efficiency of the cyclic
peptide as entropic losses upon folding are presumably less
for the cyclic than the linear peptide. Further, the cyclic
nature of the molecule may restrict the mobility of the peptide
in a way which allows the native conformation to form more
readily and may represent an important mechanism of
directing folding.

The observation of cytolytic activity for kalata B1 and
circulin B supports the proposal that the natural function of
these molecules may involve a defense mechanism for the
plants. The membrane disruption of these peptides may
explain the anti-HIV activity which is observed for the
circulin peptides (4).
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