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ABSTRACT: Cyclotides are a family of plant defense proteins with a
unique cyclic backbone and cystine knot. Their remarkable stability under
harsh thermal, enzymatic, and chemical conditions, combined with their
range of bioactivities, including anti-HIV activity, underpins their poten-
tial as protein drug scaffolds. The vast majority of cyclotides possess a
conserved glutamate residue in loop 1 of the sequence that is involved in a
structurally important network of hydrogen bonds to an adjacent loop
(loop 3). A single native cyclotide sequence, kalata B12, has been 0
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discovered that has an aspartic acid in this otherwise conserved position. 15 05 05 15

Previous studies have determined that methylation of the glutamate or
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substitution with alanine abolishes the membrane disrupting activity that

is characteristic of the family. To further understand the role of this conserved structural feature, we studied the folding, structure,
stability, and activity of the natural aspartic acid variant kalata B12 and compared it to the prototypical cyclotide kalata B1, along with
its glutamate to alanine or aspartate mutants. We show that the overall fold of kalata B12 is similar to the structure of other cyclotides,
confirming that the cyclotide framework is robust and tolerant to substitution, although the structure appears to be more flexible
than other cyclotides. Modification of the glutamate in kalata B1 or replacing the aspartate in kalata B12 with a glutamate reduces the
efficiency of oxidative folding relative to the native peptides. The bioactivity of all modified glutamate cyclotides is abolished,
suggesting an important functional role of this conserved residue. Overall, this study shows that the presence of a glutamic acid in
loop 1 of the cyclotides improves stability and is essential for the membrane disrupting activity of cyclotides.

yclotides' are a family of topologically unique proteins that

have a role in plant defense* > and display a range of
interesting bioactivities, including uterotonic,6 anti-HIV,”®
antimicrobial,” cytotoxic,10 and neurotensin antagonistic11 activ-
ities. Their natural function as plant defense agents was proposed
after it was found that insect larvae from two common plant
pests, Helicoverpa punctigera and H. armigera, showed severely
retarded growth after being fed a diet that contained cyclotides.”*
Cyclotides have also been reported to have molluscicidal
activity'” against Golden Apple snail, a pest of rice crops in
South-East Asia. The ability to deliver their activity in the
environments of insect and mollusc guts demands a high degree
of stability, and cyclotides have been shown to be stable when
subjected to harsh thermal, chemical, and enzymatic condi-
tions."> Their stability is important for their natural pesticidal
functions, and it also allows pharmaceutically active peptide
sequences to be grafted onto their rigid framework, making them
potential drug scaffolds.'*

The stability of cyclotides is attributed to their unique
topology. They are distinguished by a cyclic cystine knot
(CCK) motif, which is characterized by a circular backbone
and a three-disulfide knotted core." Two of the disulfide bonds
form a ring with the intervening backbone sequences, through
which the third disulfide bond penetrates." Figure 1 shows the
alignment of a selection of cyclotide sequences and the disulfide
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bond connectivity. The backbone sequences between consecu-
tive cysteine residues are termed loops, with loops 1 and 4
forming part of the embedded ring that makes up the cystine
knot. The stabilizing features of the macrocyclic backbone and
cystine knot are complemented by a network of hydrogen bonds
that further stabilize the structure.

Cyclotides are the largest family of circular proteins, currently
comprising more than 160 members, and it is predicted that
many thousands await discovery.'®"” Although the first cyclotide
discovered, kalata B1 (kB1), was found in Oldenlandia affinis,"® a
member of the Rubiaceae plant family, the majority of known
cyclotides have been discovered in the Violaceae plant family.
Cyclotides are divided mainly into two subfamilies, Mobius and
bracelet, depending on the presence or absence, respectively, of a
cis-Pro peptide bond in loop 5. In general, cyclotide sequences
show a high degree of sequence diversity. Except for the six
requisite cysteine residues, each position can accommodate
amino acid substitutions. The most highly conserved non-
cysteine residue is a Glu residue in loop 1, which has been found
to be both structurally and functionally important. This residue
contributes to cyclotide stability by forming a hydrogen bond
network with two other residues in loop 3."” The Glu also
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Figure 1. Sequence alignment of selected cyclotides. Cyclotides have six cysteines (I—VI) and six loops made up of the backbone segments between
successive cysteines. The disulfide connectivity is shown at the bottom of the alignment, and a thick line connecting the two ends of the sequence at the
top depicts the circular backbone. Cyclotides are divided into two subfamilies, Mobius and bracelet, depending on the presence or absence, respectively,
of a cis-Pro peptide bond in loop 5. Kalata B12 belongs to the Mobius subfamily because it has a cis-Pro in loop $ and is the only naturally occurring

cyclotide discovered so far that does not have a Glu in loop 1.

regulates the activity of the cyclotides because an Ala mutant of
kB1, E7A-kB1, which has the Glu replaced with an Ala residue,
did not have insecticidal or hemolytic activi‘cy.20 In addition, a
derivative of cycloviolacin O2, a bracelet cyclotide in which the
Glu was chemically modified (methylated), showed a 48-fold
decrease in cytotoxic activity relative to its native form.*"

Recently, a study”” of cyclotides from O. affinis reported the
discovery of kalata B12 (kB12), a Mobius cyclotide, which is the
only naturally occurring cyclotide to have an Asp in the position
of the highly conserved Gluin loop 1. Therefore, it was of interest
to characterize kB12 to determine the effect of the Glu to Asp
substitution on structure and function. In this paper, we reveal
the solution structure of kB12, examine its stability (against
enzymes, acid and high temperature), and assess its activity using
a hemolytic assay. We compare the results with the prototypical
Mobius cyclotide, kB1, and with two synthetic mutants of kB1,
E7A-kB1 and E7D-kB1, to study the significance of the Glu
residue. This study shows that the presence of a glutamic acid in
loop 1 of the cyclotides improves stability and is involved in the
membrane disrupting activity of cyclotides.

Bl MATERIALS AND METHODS

Peptide Synthesis and Purification. Boc-based solid phase
peptide synthesis of kB12 and E7A-kB1 was carried out using a
microwave-assisted method described previously,” whereas
E7D-kB1 and D6E-kB12 were synthesized by manual Boc-based
assembly. A thioester based linker was used to facilitate the
cyclization via an intramolecular native chemical ligation reaction
after peptide cleavage from the resin.”* Hydrogen fluoride
cleavage was conducted on the deprotected resin following
standard protocols (0 °C, 90 min, 90% HF/8% p-cresol/2%
p-thiocresol). Crude cleavage products were purified by RP Cg
HPLC (1%/min gradient of 90% acetonitrile/10% water/0.05%
trifluoroacetic acid) to give linear, reduced, C-terminally thioe-
ster capped peptides. Peptides were cyclized and oxidized over-
night using a range of conditions to optimize folding. Final
conditions were 0.1 M NH,HCOj; at pH 8.5, containing 25%
2-propanol and glutathione (2 mM reduced) for kB12, 50%
2-propanol for E7A-kB1, and 50% 2-propanol and glutathione
(2 mM reduced/0.4 mM oxidized) for E7D-KB1. D6E-kB12 did
not fold under any tested conditions. The oxidized peptides were
purified by chromatography as above. Purity of fractions was
assessed by electrospray ionization-mass spectrometry (ESI-MS)

4078

and analytical HPLC using the same gradient and solvent as
described above. Native kB1 was extracted from O. affinis using a
previously described protocol.” Briefly, this involves an initial
separation step where ground plant material is placed in 1:1
dichloromethane/methanol overnight, followed by repeated
rounds of RP C,3 HPLC.

NMR Spectroscopy. kB12 and E7D-kB1 were dissolved in
90% H,0/10% D,O or 100% D20 and Bruker Avance 500, 600,
or 900 MHz NMR spectrometers were used to record spectra at
either pH 3.0 or 5.0 in the temperature range 283—313 K. All
spectra were recorded in phase-sensitive mode using time-
proportional phase incrementation.”> Two-dimensional experi-
ments obtained included a TOCSY?® with 80 ms mixing time,
NOESY*” with 200 ms mixing time, and E-COSY*® in 100%
D,0. Water suppression was achieved by using a modified
WATERGATE sequence.” Spectra were acquired with 4096
data points in the F2 and 512 increments in the F1 dimension.
The F1 and F2 dimensions were multiplied by a sine-squared
function before Fourier transformation. Chemical shifts were
internally referenced to sodium 2,2-dimethyl-2-silapentane-5-
sulfonate.

To measure the temperature dependence of the amide che-
mical shifts, 1D and TOCSY spectra were recorded in steps of 10
K, from 283 to 313 K. The chemical shift movements were
documented and fitted to a linear function. Temperature coeffi-
cients for kB12 and E7D-kB1 were measured both at pH 3.0
and 5.0.

Structure Determination of kalata B12. Distance restraints
were derived from cross-peaks in NOESY spectra recorded with a
mixing time of 200 ms at 298 K. Spectra were analyzed with the
program SPARKY (http://www.cgl.ucsf.edu/home/sparky/).
Backbone dihedral angle restraints were derived from 3]HNH0L
coupling constants measured from splitting of peaks in a 1D
spectrum, while xl dihedral angles were derived from 3]H(1Hﬂ
coupling constants from E-COSY spectrum together with NOE
intensities. After initial structure calculations were performed
using CYANA, hydrogen bond restraints for slowly exchanging
amides were added.

In total, 277 distance restraints comprising 95 sequential, 47
nonsequential restraints, and 135 intraresidue restraints were
determined from NOESY spectra; 15 dihedral angle restraints
(11 ¢ and 4 %) were derived based on coupling constants from
DQF-COSY and E-COSY spectra; and slowly exchanging
amides, detected >16 h after dissolution of the sample in D,O,
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were used to derived upper limit distance restraints for nine
hydrogen bonds.

Final sets of 50 structures were calculated using a torsion angle
simulated annealing protocol within CNS* and further refined
in a water shell. The structures were analyzed with MOLMOL>'
and PROCHECK.*? For the 20 lowest energy structures, 72.2%
of the residues were in the most favored, 27.2% in the addition-
ally allowed, and 0.7% in the generously allowed regions of the
Ramachandran plot.

Molecular Dynamics. The lowest energy NMR structures of
kB1' and kB12, which was solved in this study, were used as the
starting structures for molecular dynamics simulations. The
system topologies were obtained with the AMBER LEAP
module and modeled with the all-atoms AMBER {f99 force field.
The proteins were immersed in square boxes filled with TIP3P
water molecules, imposing a minimal distance between the solute
and the box walls of 12.0 A.

Optimization and relaxation of solvent were performed, start-
ing with 1000 steps of energy minimization where restraints were
placed on atom positions with a weight of 2 kcal (mol+A) ~". The
restraints were maintained to a target temperature of 300 K
during heating (50000 steps of 1 fs), which was followed by
density equilibration at a constant pressure of 1 bar (50 000 steps
of 1 fs). An equilibration period (500 000 steps of 1 fs; 2 bar) was
performed before starting the productions runs. The atomic
positions were saved every 500 steps (0.5 ps) for the analysis. The
system was simulated under periodic boundary conditions, using
a cutoff radius of 8.0 A for the nonbonded interactions. The
electrostatic interactions were calculated with the particle mesh
Ewald method. The SHAKE algorithm was used to constrain all
bond lengths involving hydrogen atoms. The hydrogen bond
occupancy was calculated using the ‘ptraj’ module of AMBER.

Stability Assay. The basic protocol for enzymatic digests and
acid hydrolysis assays have been described previously."® Performed
in triplicate, these assays were modified slightly with a lower starting
concentration of peptide. For the enzyme digest assay, 0.5 mg/mL
solutions of kB1 and kB12 were prepared in 100 mM ammonium
bicarbonate buffer (pH 8.1). Chymotrypsin was added at a sub-
strate-to-enzyme ratio of 50:1 and the digest was carried out at 37 °C
with aliquots taken at set times up to 24 h. Melittin was used as a
control to ensure that the enzyme was active. Acid hydrolysis
reactions (0.5 mg/mL peptide solution in 0.5 M HCI) were
performed at 37 °C. Aliquots were drawn at intervals up to 24 h
and immediately diluted 100-fold with water containing NaOH to
neutralize the acid. Samples were analyzed on an Agilent Series 1100
HPLC. The amount of remaining peptide at each time point was
measured by analysis of the peak intensity and expressed as a
percentage of the peak intensity at time point 0. Thermal stability of
kB12 was assessed by monitoring the quality of 1D NMR spectra in
water at pH 5.0 on cycling from 25 to 80 °C and back to 25 °C.

Hemolytic Assay. Stock solutions of kB1, E7A-kB1, E7D-
KB1, and kB12 were prepared and standardized using UV
spectroscopy (&,30 = 5875 cm ' M! for kB1, E7A-kB1, and
E7D-kB1; &550 = 1865 cm ' M " for kB12) at 350 #M then
serially diluted in triplicate. Human erythrocytes were washed
repeatedly and centrifuged in phosphate buffered saline (pH 7.4)
to remove serum contaminants. A 0.25% v/v stock solution was
prepared from the cell pellet and 100 uL of this stock was added
to each diluted peptide solution aliquot and then incubated at
37 °C for 1 h. After centrifugation of intact cells, the percentage
of hemolysis of the supernatant was measured by visual absorp-
tion spectroscopy (4 = 415 nm).
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Figure 2. TOCSY and NOESY spectra of kalata B12. Fingerprint
region of a 80 ms TOCSY spectrum (panel A) and a 200 ms NOESY
spectrum (panel B) in 90% H,O and 10% D,O at 298 K and pH S.0.
Spin systems are shown in the TOCSY spectrum and the sequential
connectivities in the NOESY spectrum. The one-letter code for the
amino acids as well as the residue number is used for the sequence
assignments.

B RESULTS

Synthesis. Boc-based solid phase peptide chemistry was used
to synthesize kB12, D6E-kB12, E7A-kB1, and E7D-kB1. The
cyclization was achieved using an intramolecular form®>*** of
native chemical ligation® that required the linear precursor
protein to have a Cys at the N-terminus. kB12 was cyclized
and oxidized at pH 8.5 in a NH;HCO; containing 25% 2-pro-
panol and 2 mM reduced glutathione after cleavage from the
resin and purification. Variations of the folding buffer were
tested, including different concentrations of 2-propanol and
reduced glutathione; the addition of oxidized glutathione,
EDTA, DMSO, and guanidine-HCI; replacement of reduced
glutathione with cysteine; and varying the incubation time.
However, the best yield obtained was 7%. In comparison, kB1
has a reported yield of 28% under similar folding conditions of
1:1 NH,HCO;/2-propanol.®® In 1:1 NH,HCO;/2-propanol,
E7A-kB1 has a reported yield of 13%,”° and we found here that
E7D-kB1 also has a lower folding yield than the native peptide at
10%. Interestingly, the synthetic analogue D6E-kB12, in which
the Glu has been reintroduced into the sequence, did not fold
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Figure 3. Secondary structure of kalata B12. To illustrate the position of
the residues, three cysteines (Cys", Cys", and Cys"") are highlighted
with bold circles and the residue numbers labeled. Observed NOEs are
drawn as either double-headed arrows (NH to NH NOEs or NH to oH
NOEs) or thick lines (0H to aH NOEs). Predicted hydrogen bonds are
also shown. The f3-strands are indicated by gray arrows.

under any tested conditions. Thus, based on these folding trials, it
appears that although the Glu does aid the folding of kB1, its
absence is not the reason for the poor folding of kB12.

Solution Structure of kalata B12. The structure of kB12 was
solved using data from homonuclear two-dimensional NMR
experiments. As shown in Figure 2, the peaks in the amide region
of NMR spectra recorded at pH 5.0 are well dispersed, suggesting
a well-folded tertiary structure. When the pH was lowered from
5.0 to 3.0, some peaks broadened slightly, implying a degree of
conformational interchange at lower pH. The other notable
feature seen at both pH values was that the TOCSY peaks were
very weak or undetectable at the amide frequency of Tyr22,
which is connected to Pro23 via a cis-peptide bond that is
characteristic of the Mobius subfamily. The absence of the
Tyr22 TOCSY peaks was later explained by the structure of
kB12, which showed that Tyr22 has an ¢ angle of —30°. This ¢
angle is equivalent to a dihedral angle of 90° between the NH and
OH protons, giving rise to a small three-bond scalar coupling
constant between the NH and atH protons, which results in poor
magnetization transfer during the mixing time of the TOCSY
experiment. Weak or undetectable TOCSY peaks for the residue
involved in the cis-X-Pro peptide bond of the Mobius subfamily,
due to an unusual ¢ angle, have been reported for other Mobius
cyclotides, including kB1."*

Using the NOE, dihedral and hydrogen bond restraints, a set
of structures was solved using simulated annealing. Preliminary
analysis of the restraints suggested the probable presence of a
triple-stranded f3-sheet, as illustrated in Figure 3. A (-hairpin
loop centered in loop S has been observed for other cyclotide
structures, and a distorted third 3-strand stretching through loop
1is often reported.36 The presence of the triple stranded f-sheet
was confirmed in the final structure of kB12, as shown in Figure 4.
The superimposition of the 20 lowest energy structures of kB12

loop 6

loop 5

loop 2 loop 3
Figure 4. Structure of kalata B12. The 20 lowest energy structures are
shown in panel A. Panel B shows a ribbon diagram of the solution NMR
kalata B12 structure, highlighting the secondary structure and cystine
knot. The loops and cysteine residues are labeled.

Table 1. Geometric and Energetic Statistics for 20 Lowest
Energy Structures of kalata B12

NMR Distance and Dihedral Constraints

Distance constraints

total NOE 277
intraresidue 135
inter-residue 142
sequential (|i —j| = 1) 95
medium-range (|i — j| < 4) 22
long-range (i — j| = S) 25
intermolecular

hydrogen bonds

Total dihedral angles 15
® 11
x 4

Structure Statistics

Violations (mean and sd)

distance constraints (A) —0.12 £+ 0.08
dihedral angle constraints (°) 2.55 £+ 1.69
max dihedral angle violation (°) 441

max distance constraint violation (A) —0.35

Deviations from idealized geometry

bond lengths (A) 0.004 + 0.0002

bond angles (°) 0.61 £ 0.04
impropers (°) 0.49 £ 0.05
Average pairwise rmsd” (A)

backbone 0.66 & 0.18
heavy 122 +0.26

“ Pairwise rmsd was calculated among 20 refined structures.

gave an rmsd of 0.66 A for the backbone and 1.22 A for the heavy
atoms. The backbone rmsd was of lower precision than that
typically obtained for other cyclotide structures, suggesting a
higher degree of backbone flexibility. The structural statistics, as
summarized in Table 1, show that the ensemble of structures was
in good agreement with the experimental restraints.

Since kB12 belongs to the Mobius subfamily of cyclotides, it
was of interest to compare its structure to the prototypic Mobius
cyclotide, kB1. A comparison of 0tH secondary chemical shifts
(shown in Figure SA), which, in general, are sensitive to the
backbone topology of proteins, suggested that the variation
between the structures of kBl and kB12 was predominantly in
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loop 2

Figure 5. Comparison of kalata B1 (kB1) and kalata B12 (kB12) structures and the Glu7/Asp6 hydrogen bond network. In all panels, kB1 data are
colored red, kB12 data blue, and E7D-kB1 are colored green. Panel A shows a comparison of H secondary chemical shifts of kB1 and kB12, which were
generated using random coil chemical shifts from Wishart et al.** Panel B shows the absolute change in NH chemical shift when the pH is varied from 3.0
to 5.0. An alignment of the structures of kB1 and kB12 is presented in panel C, where the shaded region represents the position of a hydrogen bond
network involving Glu7/Asp6. The hydrogen bond network is shown in more detail in panel D. For kB1, the carboxyl of Glu7 forms hydrogen bonds
with the amides of Asn15 and Thrl6. For kB12, the carboxyl of Asp6 forms a hydrogen bond with Asn14.

loops 2, 3, and 6. An overlay of the structures of the two
cyclotides, shown in Figure SC, confirms that loops 2, 3, and 6
of kB12 adopt slightly different conformations than kB1. Thus,
these differences reflect the differences in the loop sequences. For
example, loop 6 in kB12 is one residue shorter than in kB1 and
lacks a proline residue. Prolines typically cause a tight bend in
protein backbones, which may explain why the conformation of
loop 6 in kB12 is more extended than in kB1. In contrast, the aH
secondary chemical shifts of E7D-kB1 show very little change
when compared with kB1 (data not shown).

Hydrogen Bond Network. The presence of an Asp in loop 1,
instead of the highly conserved Glu, is the most important feature
that distinguishes kB12 from all other known cyclotides. This
highly conserved Glu has been shown to form a hydrogen bond
network with two residues in loop 3 in other cyclotide structures
determined so far. In the structure of kB1, the side-chain carboxyl
of Glu7 hydrogen bonds to the backbone amides of AsnlS and
Thr16. It was of interest to see if a similar hydrogen bond
network exists in the structure of kB12, that is, if Asp6 (which has
a shorter side-chain relative to Glu7) hydrogen bonds to Asn14
and Asp15. Since the carboxyl groups of Asp or Glu residues are
pH sensitive, the NH chemical shifts of kB12 were monitored as
the pH was increased from 3.0 to 5.0, and the results were
compared with those reported for kB1 '* and E7D-kB1, as shown
in Figure SB. The change in NH chemical shifts of Asn14 and

Asp1S in response to pH variation indicated that the amides of
Asnl4 and Asp1S were in close proximity to the carboxyl of Asp6.
However, the reduced magnitude of change in NH chemical
shifts relative to the respective values for Asn15 and Thr16 of kB1
suggests that the hydrogen bond network is weaker, or more
transient, in kB12. A similar trend is seen in E7D-kB1.

This weaker hydrogen bond network in the structure of kB12
is apparent from Figure SC,D, which shows that on average only
one oxygen atom of the Asp6 carboxyl group can stretch over to
hydrogen bond with the amide of Asn14. Despite this limitation
of the shorter Asp side-chain, molecular dynamics simulations
show (as discussed later) that the backbone of kB12 allows the
amide of Asp14 to come into close proximity to the carboxyl of
Aspb6 at times to form a hydrogen bond.

The network of hydrogen bonds examined above is part of a
larger network that helps stabilize the cyclotide fold. To deter-
mine any effects of the Glu residue on the overall rigidity of the
cyclotide framework, the complete hydrogen bond network of
kB12, kB1, and E7D-kB1 was studied by detecting slow ex-
changing amides and measuring amide temperature coefficients,
as shown in Figure 6. With respect to amide exchange, the main
differences between kB12 and kB1 were that Cys" (i.e., Cys18 in
kB12; Cys19 in kB1) was slowly exchanging in kB1, but not
kB12. Cys' is located at the end of loop 3, and thus the change in
slow exchange behavior implies that loop 3 is slightly more
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Figure 6. Hydrogen bond network of kalata B12 (kB12), kalata B1 (kB1), and E7D-kalata B1 (E7D-kB1). Each residue is drawn onto a schematic of the
cyclotide backbone. Hydrogen bond properties are illustrated for kB12 (panel A), kB1 (panel B), and E7D-kB1 (panel C). A key explaining the coloring
of each residue is presented in the lower left-hand corner. Different colors are used depending on whether the amide is slowly exchanging (SE) and on the
value of their amide temperature coefficient. Slowly exchanging amides and amide temperature coefficients for kBl were taken from a previous
publication."® Molecular dynamics simulations in water were performed for kB12 and kB1 and the numbers next to each hydrogen bond in panels A and

B represent the percentage occupancy observed in these simulations.

flexible in kB12. This Cys remains slow exchanging in E7D-kB1,
suggesting that the difference in flexibility is more likely the result
of the Prol7-Glyl8 sequence in kB1 keeping the turn more
ordered than the Ser16-Serl7 sequence in kB12, than the fact
that Asp6 of kB12 is unable to stabilize loop 3 via hydrogen bonds
as well as Glu7 of kB1.

Hydrogen bonded amides can also be detected by measuring
amide temperature coeflicients, that is, the sensitivity of amide
chemical shifts to changes in temperature (Adni/AT).>” Generally,
amide temperature coefficients AOnu/AT = —4.6 ppb/K indicate
the presence of a hydrogen bond, whereas Adnp/AT < —4.6 ppb/K
suggest that the measured amide is accessible to solvent™® A
comparison of the amide temperature coefficients in Figure 6 is
consistent with the amide exchange data and shows no dramatic
differences between the peptides, suggesting that the presence or
absence of Glu does not greatly affect the overall hydrogen bond
network. Ser17 in kB12 has a temperature coeflicient indicative of a
hydrogen bond, and analysis of the structures reveals that it interacts
with the side-chain carboxyl of Asp15, which also explains the effect
of pH on its chemical shift (Figure SB). The change in temperature
coefficient of Thr8 in E7D-kB1 relative to kB1 suggests subtle
changes in loop 1 as a result of a reduced interaction with loop 3.

A deeper understanding of the dynamics of the hydrogen
bonds was sought by calculating their percentage occupancy over
a 10 ns simulation period using molecular dynamics, and the
results are shown in Figure 6. In general, the most stable
hydrogen bonds are part of the f-sheet secondary structure
centered in loop 5, which suggests that this region of the structure
is the most stable. The simulations show that hydrogen bond
network involving the Glu of kB1 and the Asp of kB12 ofloop 1 is
relatively dynamic. For example, each oxygen atom of the Glu7
carboxyl side-chain of kB1 can switch between forming a hydro-
gen bond with either AsnlS or Thrl6. The simulations also
support the suggestion of kB12 being more flexible than kB1, as
reflected for example in the much lower occupancy percentages
for hydrogen bonds to the backbone of Asp1S in kB12 compared
to Thrl6 in kB1.

Enzymatic, Acid, and Thermal Stability. The stabilities of
kB1, E7A-kB1, and kB12 were assessed by measuring their
resistance to proteolysis, acid hydrolysis, and high temperature.
The proteolysis studies were performed by measuring the peak
intensity of analytical HPLC traces of the intact peptides over
time in the presence of chymotrypsin. kB1 and E7A-kB1 have
previously been shown to be completely resistant to cleavage by
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Figure 7. Results from an enzymatic stability and acid stability assays.
(A) Kalata B1 (kB1) and kalata B12 (kB12) were each incubated at
37 °C with chymotrypsin and their abundances at several time-points
were measured at 215 nm on an analytical RP-HPLC. Melittin was used
as a positive control and degraded before the first time-point. (B) Kalata
B1 (kB1), E7A-kalata B1 (E7A-kB1), and kalata B12 (kB12) were each
incubated at 37 °C with HCl and their abundances at several time-points
were measured at 215 nm on an analytical RP-HPLC.

various enzymes including trypsin and proteinase K.">*° For this
study, chymotrypsin was chosen as a representative proteolytic
enzyme. kB12 contains potential cleavage sites in both loop 2 and
loop 6 (Leull and Leu3). Both kB12 and kB1 were found to be
impervious to digestion by chymotrypsin (Figure 7). A linear
control peptide degraded rapidly under the same conditions,
with no intact peptide detected after 3 h. Acid hydrolysis
experiments were conducted at 37 °C. After 24 h incubation in
the presence of acid, there was 44% of kB1, 22% of E7A-kB1, and
13% of kB12 remaining, as shown in Figure 8. The observed
stability of kB1 against acidic conditions agrees with a previous
study," but from the current study it is clear that E7A-kB1 and
kB12 are less resistant to acid. Thermal stability was assessed by
monitoring the 1D NMR spectra of kB12 on cycling from 25 to
80 °C and back to 25 °C. The spectra of kB12 were unchanged on
return to the original temperature. Thus, it appears that the
substitution of the Glu does not affect the temperature stability of
cyclotides, as E7A-kB1 has been reported to maintain its global
fold, as judged by 1D NMR spectra, after heating to 80 °C.*°
Overall, these assays show that the Glu substitution affects
mainly the stability of cyclotides in acidic conditions.
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Figure 8. Hemolytic assay on selected cyclotides. Kalata B1 (kB1),
E7A-kalata B1 (E7A-kB1), E7D-kalata B1 (E7D-kB1), and kalata B12
(kB12) were incubated with human red blood cells and the percentage
hemolysis was measured at different time-points. Both E7A-kB1 and
kB12 showed negligible hemolytic activity.

Hemolytic Activity. The biological activity of kB12 was
assessed in a hemolytic assay, which is typically used as a marker
of cyclotide activity because they are believed to act through
membrane disruption. The positive controls of melittin and kB1
showed activities similar to those reported in previous studies,
with 1.7 uM of melittin and 16 uM of kB1 causing 50% hemolysis
of human red blood cells.*’ Interestingly, kB12, E7A-kB1, and
E7D-kB1 all had almost negligible hemolytic activity, as shown in
Figure 8, which indicates the replacement of the Glu significantly
affects cyclotide bioactivity, most likely by modulating how
cyclotides interact with membranes, since membrane binding is
a prerequisite of hemolytic activity.

l DISCUSSION

Cyclotides are a family of natural insecticidal peptides with
remarkable stability and tolerance to residue substitution, which
gives them exciting potential to be developed as protein en-
gineering scaffolds for a variety of agricultural and pharmaceutical
applications.*** Analysis of all known cyclotide sequences
shows that a Glu in loop 1 is the most highly conserved
noncysteine residue and is believed to contribute to the stability
and activity of cyclotides. Here we characterized the folding,
structure, stability, and activity of kB12, the only naturally
occurring cyclotide without the conserved Glu in loop 1. We
compared these results to those obtained for the prototypical
cyclotide, kB1, and two mutants, E7A-kB1 and E7D-kB1, and
showed that the presence of a Glu residue in loop 1 has a role in
the stabilization of the overall cyclotide fold, influences the
flexibility of loop 3, and modulates the membrane-disrupting
activity of cyclotides. These findings have potential significance
in drug design applications of the CCK protein engineering
scaffold and are important for enhancing our understanding of
the mechanism of action of cyclotides.

The impact of the Glu to Asp substitution in loop 1 was
determined by solving the structure of kB12 in solution using
NMR spectroscopy. Given the exceptionally high conservation of
the Glu, it was surprising to find that kB12 adopts an almost
identical overall fold to kB1 as well as other cyclotide structures
determined so far. A -hairpin, comprising two [3-strands cen-
tered in loop $, is the secondary structure element common to all
cyclotides that have been structurally characterized so far and is
also present in the structure of kB12. A third -strand, made up of
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segments of loops 1 and 6, is distorted in some cyclotides,
including kB1, but is well-defined in kB12. Tricyclon A (whose
sequence is shown in Figure 1) is another example of a cyclotide
that has a well-defined triple-stranded f-sheet.*” The main
conclusion that can be drawn from the structural studies reported
here is that the conserved Glu appears not to be essential for
defining the CCK fold; rather, the fold appears to be determined
mainly by the spacing and connectivity of the six conserved Cys
residues. The ability of cyclotides to maintain a similar overall
fold regardless of sequence variations at non-cysteine positions,
including at the highly conserved Glu, confirms that the CCK
motif is a robust framework and is thus suitable for protein engi-
neering studies.

Although the conserved Glu apparently is not critical for
defining the shape of the CCK structure, it does seem to have a
role in increasing folding yields of cyclotides and in stabilizing the
structures once formed; that is, it assists in the process of folding
the structure to its final shape, and then keeping it there. The
mechanism by which the Glu residue facilitates folding is not
known but presumably involves stabilization (via hydrogen
bonding) of key intermediates in the folding pathway. To our
surprise, the attempted introduction of a Glu instead of the
naturally occurring Asp in kB12 did not improve in vitro folding
but rather prevented correct folding of the D6E-kB12 mutant.
This suggests that in the case of kB12 other sequence changes
compensate for the missing natural Glu seen in all other
cyclotides, making an Asp the preferred residue at this position.
Although our studies monitored the in vitro folding process, the
strong conservation of the Glu residue in 159 of 160 reported
naturally occurring cyclotides supports an important role for it in
the in planta folding pathway. Consistent with this proposal is the
observation that kB12, which lacks the conserved Glu and folds
poorly in vitro, is one of the least abundant of the 17 cyclotides
reported so far*> in O. affinis, the plant in which cyclotides were
originally discovered. As far as a role in structural stabilization is
concerned, in previously characterized cyclotides the Glu residue
is believed to help stabilize the CCK framework by participating
in a hydrogen bond network with the backbone amides of two
residues in loop 3. A similar network is present in kB12, but
compared to a Glu, the shorter side-chain of Asp reduces the
strength (and occupancy) of the hydrogen bond network, which
in turn reduces the rigidity of loop 3 in particular. Thus, the
current study confirms a role for the conserved Glu in stabilizing
cyclotides by rigidifying them via hydrogen bond formation.

To further explore the importance of Glu in the stability of
cyclotides, enzyme digestion, acid hydrolysis, and temperature
assays were carried out. These studies showed that the absence of
a Glu in loop 1 does not significantly affect the stability of
cyclotides against proteolytic enzymes or high temperature. This
finding confirms that the presence of the CCK muotif, that is, the
circular backbone and a disulfide knot, is a strong stabilizing
structural feature. However, the lack of a Glu residue reduces the
stability of cyclotides to acidic conditions. Overall, the results
suggest that a complementary array of structural features con-
tribute to cyclotide stability, some important to thermal stability
or susceptibility to proteolysis, and others important to chemical
stability.

We also examined the role of the highly conserved Glu in
biological activity of cyclotides. Hemolytic assays were used to
test the activity of kB12, kB1, E7D-kB1, and E7A-kBI, as
cyclotides are believed to deliver their activity through membrane
interactions.>*"** The assay results showed that substitution of the

Glu with either Asp or Ala resulted in loss of hemolytic activity
relative to kB1. Masking of the charge of the Glu through methyla-
tion of cycloviolacin O2, a bracelet cyclotide, has also been shown to
result in a loss of cytotoxic activity.”" Overall, itis clear that the Glu in
loop 1 is critical for the biological activity of cyclotides. Both the
presence and the location of the charge are important for biological
activity as evidenced by the lack of hemolytic activity despite the
presence of a negative charge in E7D-kB1. Previous studies had
addressed only the presence/absence of the charge of the Glu
residue via mutagenesis or chemical modification, but the results
here clearly show that the location of the side-chain carboxyl group
appears to be critical for activity. This finding suggests that the Glu is
involved in a specific interaction, either intra- or intermolecular, that
mediates cyclotide activity, rather than just providing a site of
negative charge. Such an interaction might modulate the broad
mechanism of action proposed for cyclotides, namely, interactions
with membranes via their surface patch of hydrophobic residues.”

The hemolytic activity of cyclotides has been reported to be
dependent on their surface hydrophobicity; cyclotides with larger
hydrophobic surface areas have increased hemolytic activities.** A
larger hydrophobic surface area in principle helps the interaction of a
cyclotide with the hydrophobic lipids of target membranes. Since all
three cyclotides examined in this study have similar hydrophobic
surface areas, the loss of activity from the replacement of the Glu
strongly supports the suggestion that the Glu mediates other more
specific interactions that contribute to the activity of cyclotides. One
possibility is that the Glu has a role in metal-binding; *** however, in
an Ala scan study of kB1, a relationship between metal binding and
activity could not be established because an inactive Ala mutant was
still shown to bind metal ions.”® A more likely possibility is that the
Glu might facilitate the self-association of cyclotides, a process that is
probably required to cause membrane disruption. Consistent with
the self-association hypothesis, the cyclotide kalata B2 has been
shown to form oligomers in analytical ultracentrifugation experi-
ments,** and electrophysiology experiments have shown the for-
mation of pores in membranes that are much larger than individual
cyclotides.”” The Glu may also play a role in the direct interaction
with membrane lipids, either in an initial recognition step or during
the pore formation process. At this stage, the precise role, if any, of
the Glu residue in promoting self-association is not known.

In summary, we studied the importance of a highly conserved Glu
residue in cyclotides by comparing the folding, structure, stability,
and activity of kB12 with E7A-kB1, E7D-kB1, and kB1. We have
shown that the overall cyclotide fold is robust and stable, which is
attributed to the CCK motif and does not depend on the presence of
the conserved Glu in loop 1. The Glu enhances the stability of
cyclotides under acidic conditions but, more importantly, is vital for
their activity, probably playing a key role in mediating cyclotide self-
association. These findings are relevant to drug design or protein
engineering applications based on the CCK scaffold because we now
know that the hemolytic activity of cyclotides can be modulated even
with the relatively conservative substitution of the Glu to an Asp.
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