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ABSTRACT. The cyclotides constitute a recently discovered family of plant-derived peptides that have the
unusual features of a head-to-tail cyclized backbone and a cystine knot core. These features are thought
to contribute to their exceptional stability, as qualitatively observed during experiments aimed at sequencing
and characterizing early members of the family. However, to date there has been no quantitative study of
the thermal, chemical, or enzymatic stability of the cyclotides. In this study, we demonstrate the stability
of the prototypic cyclotide kalata B1 to the chaotropic agéhM guanidine hydrochloride (GdHCI) and

8 M urea, to temperatures approaching boiling, to acid, and following incubation with a range of proteases,
conditions under which most proteins readily unfold. NMR spectroscopy was used to demonstrate the
thermal stability, while fluorescence and circular dichroism were used to monitor the chemical stability.
Several variants of kalata B1 were also examined, including kalata B2, which has five amino acid
substitutions from B1, two acyclic permutants in which the backbone was broken but the cystine knot
was retained, and a two-disulfide bond mutant. Together, these allowed determinations of the relative
roles of the cystine knot and the circular backbone on the stability of the cyclotides. Addition of a denaturant
to kalata B1 or an acyclic permutant did not cause unfolding, but the two-disulfide derivative was less
stable, despite having a similar three-dimensional structure. It appears that the cystine knot is more important
than the circular backbone in the chemical stability of the cyclotides. Furthermore, the cystine knot of the
cyclotides is more stable than those in similar-sized molecules, judging by a comparison with the conotoxin
PVIIA. There was no evidence for enzymatic digestion of native kalata B1 as monitored-bWIBCbut

the reduced form was susceptible to proteolysis by trypsin, endoproteinase Glu-C, and thermolysin.
Fluorescence spectra of kalata B1 in the presence of dithiothreitol, a reducing agent, showed a marked
increase in intensity thought to be due to removal of the quenching effect on the Trp residue by the
neighboring Cys5Cys17 disulfide bond. In general, the reduced peptides were significantly more
susceptible to chemical or enzymatic breakdown than the oxidized species.

The cyclotides constitute a family of macrocyclic peptides after heating ). The peptide was subsequently shown to
with unique structural and biophysical propertid3. (Al- comprise 29 amino acids, including six cysteine residags (
though its structure was not known at the time, the prototypic The structure determined using NMR revealed the unique
member of the family was first discovered in the 1970s by features of a head-to-tail cyclized backbone and a core
Red Cross workers in Africa. They noted that during composed of three disulfide bonds arranged in a cystine knot
childbirth women of the Lulua tribe made use of the motif. In this motif, an embedded ring in the structure,
medicinal properties of a native pla@®idenlandia affinis formed by two disulfide bonds and their connecting backbone
or “kalata kalata” as it is locally knowr2( 3). A tea made  segments, is penetrated by the third disulfide bond. The
from the leaves of the plant was used to accelerate uterinecombination of a cystine knot motif embedded within a
contractions and childbirth. The preparation by boiling and circular backbone is termed a cyclic cystine knot (CEK)
the oral administration suggested that the active ingredient(1, 7).
was both thermally stable and bioavailable. Subsequent Over the past decade, numerous examples of peptides
investigations revealed that the peptide kalata B1 was containing a macrocyclic backbone and conserved Cys
responsible for the uterotonic activitg)( In early studies residues that are characteristic of a CCK motif have been
aimed at characterizing it, kalata B1 was shown to be reported {, 2, 6, 8—23) and are collectively known as the
resistant to proteolytic degradation and retained its activity cyclotides. The cyclotides exhibit a diverse range of biologi-

cal activities, including insecticidal2@), anti-HIV (9),
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antimicrobial (L4), anti-neurotensin1(0), cytotoxic 4), and
hemolytic @5) properties. The toxic functions of the cy- (A
clotides have led to suggestions that they are present in plants
for defense purposed)( They constitute one of a number

of families of head-to-tail cyclic proteins that have been
discovered over the past few years in bacteria, plants, and
animals 26).

The cystine knot structural motif has been found in many
peptides and proteins, including examples from plants, fungi,
marine molluscs, insects, and spider3. (The motif was
formally named in 1993 when the structural similarities
between a number of growth factors were repor2g 28).
Earlier studies had identified a “knottin” fold in squash
family plant proteins 29). Cystine knots can be classified

. . . . Ls 1 L 2 L 3 L 4 L 5 L [}
into three types: the inhibitor cystine knots, where the TR T VA AR T

Cys"'—Cys” bond penetrates the ring formed by the Cys ® CcoercvesTeNTPGCTCSWPVCTRNGLP Y
Cyd' and Cy& —Cys’ bonds 80), the growth factor cystine ' " : |

knots, where the C¥{sCys" bond penetrates the ring formed
by the Cy4—Cyd" and Cy¥—Cys” bonds 81), and the
cyclic cystine knot mentioned abové (Studies of molecules
from the first two classes have demonstrated the crucial
importance of the knot in defining structure and biological (p C D)
activity. For example, the disulfide connectivity for the ?GET?VGGT?NTPG?T?SWPVTT PV
AVRO elicitor of a fungal tomato pathogeB32) is identical ' ‘
to that of the cyclotide family: CysCysVY, Cyd'—Cys’,
and Cy4'—Cys”. The necrosis-inducing activity of this ® CcoetcveastentPocTes  veTRNGLPYVS
fungal avirulence protein was completely lost upon removal ! ! L]

of any of the three disulfide bond83). A number of the F C I
conotoxins, including the-, -, andw-conotoxins, and at AGET ‘|3 VGG T(|3 NTPGAT <|3 SWPV (|3 TRNGLPV
least one member of the-conotoxins contain the cystine :
knot motif (34). Studies on the»-conotoxin MVIIA indicated =~ FIGURE 1. Three-dimensional structure (A) and amino acid

: ol - sequence (B) of kB1. The six conserved Cys residues are numbered
that removing any of the disulfide bonds greatly destabilized with Roman numerals, and the backbone loops between successive

the native structure3g). Vascular endothelial growth factor  cys residues are numberee-&. The structure of kB1 shows the
(VEGF) belongs to the growth factor cystine knot protein cyclic cystine knot motif and the three disulfide bonds that occupy
family. Removal of individual disulfide bonds via mutations the core of the molecule. The side chain of the solvent-exposed

of this protein did not reduce its thermodynamic stability, tryPtophan present in loop 5 is shown. The amino acid sequences
but didpreduce its thermal stability and cgusedvao °C 7o kB2, des(24-28)kB1, des(19-20)kB1, and [A*3kB1 with their

O . associated disulfide bridges are given in partsFC respectively.
decrease in its melting temperatur86). Furthermore, The cysteines are labelee-VI, and the loops are labeled loop
proteolysis studies showed that misfolded forms resulting 1—loop 6.

from cystine deletion mutants of the VEGF protein were

degraded rapidly relative to native VEGBT. differences in these surface patches are responsible for the
So far, there have been no systematic studies on the rolese|f-aggregation of kalata B2 into tetramers and octamers;

Of the CyStine knot in deﬁning the Stabl|lty Of the CyC|0tideS. ka|ata Bl remains in a monomeric form up to mi"imo|ar

The cyclic backbone of the cyclotides also potentially confers ¢oncentrations. The acyclic permutant, des(28)kalata B1,

advantages over conventional linear proteins, including g4 the disulfide-deficient mutant, JAjkalata B1, were

greater stabilit_y and resistance to_p.roteolytic digesti_on; Sinceinvestigated to examine the role of the backbone and the

circular proteins hav_e no termini, they are resistant to contribution of the disulfide core to the overall stability. The

cleavage by exopeptidases. It has been suggested that thleormer mutant involves the removal of residues-28 from

rigid nature and stability of the cyclotide framework make the peptide backbone, which is no longer cyclic and thus

it useful as a scaffold in drug desigi, (38). Therefore, it mimics the conventional cystine knot topology. The latter

was of interest to quantitatively determine the thermal, ) ; o
chemical, and enzymatic stability of this class of molecules mutant effectively removes one of the three native disulfide
bonds, but adopts a three-dimensional structure similar to

and to examine the roles of the disulfide bonds and the cyclic ) X ; o
backbone in stabilizing the structure. This has been done bythat of the native peptidel(). Figure 1 also highlights the
monitoring a range of biophysical markers of the prototypic !ocatlon of an exposed Trp residue in kalata B1 thgt is present
cyclotide kalata B1 and several variants under a range ofin all but one of the variants. Normally hydrophobic residues
solution conditions. such as Trp would be buried in the interior of the protein,

Figure 1 shows the generic CCK framework and the amino but the tight cystine knot core leaves no room for this and
acid sequence of kalata B1 and the variants examined in thisother hydrophobic residues. This Trp provides a probe for
study. Kalata B2 is a naturally occurring variant that differs fluorescence studies, which were used in combination with
from kalata B1 in five residues. Kalata B1 and kalata B2 a variety of other biophysical measurements in the current
both have exposed hydrophobic patch89),(and slight study to examine the stability of the CCK motif.

C
© L(FGET(|3FGGT?NTPG?S?TWPICTTRDGLPVJ
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MATERIALS AND METHODS solutions was 8 M. A stock solution of 200 mM DTT was
prepared in MilliQ HO.

Isolation. Native kalata B1 (kB1) was isolated from the NMR SpectroscopyOne-dimensional (1D)'H NMR
above-gl’ound partS obDldenlandia affinis Fresh plant Spectra were acquired on a Bruker ARX-500 NMR Spec-
material (500 g) was ground and extracted with a 50/50 (V/ trometer at temperatures in the range of 2880 K. Spectra
v) DCM/MeOH mixture, and the crude extract was partially were processed on a Silicon Graphics Indigo workstation
purified by RP flash chromatography, yielding a fraction ysing XWINNMR (Bruker) software.
containing predominantly cyclotides (5 g). This sample was  Flyorescence Spectroscoffuorescence emission spectra
purified further by preparative RP-HPLC to yield pure kalata were measured between 280 and 500 nm on a Perkin-Elmer

B1 (125 mg) as described previoust}).( luminescence spectrometer using an excitation wavelength
Synthesis of Mutant¥hree permutants were synthesized of 280 nm and quartz cuvettes with an optical path length
using solid phase methods as described previodsly4(1). of 4 mm. The excitation and emission slit widths were set

Briefly, the peptides were assembled using manual solid to 4 nm with a photomultiplier voltage of 650 V. Experiments
phase peptide synthesis with Boc chemistry. Amino acids were performed at 28C with the temperature maintained
were added to the resin using HBTU withsitu neutraliza- ~ using a Grant LTD6 temperature control unit. All peptide
tion. Cleavage of the peptides from the resin was achievedemission spectra were corrected by background subtraction
using hydrogen fluoride wittp-cresol andp-thiocresol as ~ Of the spectrum from the equivalent buffer at the given
scavengers [9/0.5/0.5 (v/v) HF/cresol/thiocresol mixture]. The GAHCI concentration and were the average of three scans.
crude reduced peptides were purified on a Phenomenex C Using mellitin as a positive control and kB1 as a test
column. Gradients of 0.05% aqueous TFA and 90% aceto- cOmpound, the optimum sample concentration for fluores-
nitrile with 0.045% TFA were employed with a flow rate of ~cence measurement was determined. Solutions containing 25

8 mL/min, and the eluent was monitored at 230 nm. These #M peptide and DTT were prepared and incubated &t@G7
conditions were used in Subsequent purification Steps‘ for 30 mln, GdHCl was then added and the _miXture inCUba’FEd
Cyclization of the [A19kB1 mutant was performed in 0.1  atroom temperature prior to analysis. The final concentration
M sodium phosphate (pH 7.4) with an excess of TCEP over Of DTT in the solutions was 5 mM, and the GdHCI
a period of approximately 30 min. Oxidation of reduced concentration ranged between 0 and 6 M. _
peptides was achieved by dissolving them in a 50/50 (v/iv) CD SpectroscopyCD measurements were carried out on
0.1 M ammonium bicarbonate (pH 8.5)/2-propanol (0.5 mg/ @ Jasco J-710 spectropolarimeter with a Neslab RTE-111
mL) mixture with reduced glutathione added (final concen- témperature control unit. Ellipticity changes at 220 nm were
tration of 1 mM). The mixture was stirred at room temper- momtored to follow the unfoldln_g transitions in the far—Uy
ature for 24 h and then purified by RP-HPLC. Correctly €gion (190-250 nm). All experiments were conducted in
folded des(2428)kB1, des(1920)kB1, and [A19kB1 were  the range of 590 °C. A path length of 1 mm was used,
identified by their late elution under reverse phase conditions, @1d all spectra were the average of three scans at a scan
and'H NMR spectra confirmed the folded states. ;S)?ss:re?jf 'rzlolgrr”;]/l\rzl]Ig.otiglsgtlr?wn?)h(c));pl)(r?alte(??IEAI)ZV;)erii the
. . i iu :
re(?lfcdeu dCti':Nn 4 ?21(\14 3!{':\3{!)?2?;{(0?1([)@{) at gigcz fc?ral) f\lNi?lS presence and absenceE®M urea as described previously

. - . (42).
ek 1 I presecd & M Suankine IYIoclod, . Enaymatc Digestspepice soluons e disoned i
alkylate the free sulfur groups present on the six cysteines.appmpmJlte buffers at a concentration of 1 mg/mL. Trypsin,

. ! . endoprotease Glu-C (endoGlu-C), pepsin, and thermolysin
The resulting alkylated peptide was then purified by HPLC, (Sign?a—AIdrich) were (prepared ag 1pm%/mL stock solutions

Iyophilized, and stored at-20 °C until it was used. The h in MilliQ H 2O. These were then diluted in appropriate buffers
peptide was analyzed by mass spectrometry to ensure t aly give a final working solution with a concentration of 20

alkylation was complete, = 324.0 Da). Electrpspray mass ug/mL. Trypsin and endoGlu-C were prepared in 100 mM
spectra (not shown) were acquired on solutions o805 monium bicarbonate (pH 8.1). Pepsin digestions were
kB1 in the presence and absence of 5 mM DTT to confirm  jertaken in a 100 mM acetic/formic acid solution (pH 2.1).
that complete reduction had occurred and to look for the Thermolysin was prepared in 100 mM ammonium bicarbon-
presence of any oligomeric species. Peaks were observed af; (pH 8.1) containing 10 mM CaChs an enzymatic
m'z 14i§'8 and 964.9, representing the fM2H]?* and [M cofactor. Digestions using trypsin, endoGlu-C, and pepsin
+ 3H]*" ions, respectively, of native kalata BU(= 2892\ are conducted at 37C, while thermolysin was incubated
Da)..Peaks were observed ratz 1449.8_ and 966.9, repre- 4t 65°C. Equal volumes of peptide and enzyme working
senting the [M+ 2H]>" and [M + 3HJ*" ions, respectively,  go|ytions were mixed to yield a final substrate/enzyme ratio
of reduced kalata BIM; = 2898 Da). of 50/1 in all cases. Aliquots (4L) were taken at appropriate
Sample PreparationPeptide solutions were prepared by time intervals and diluted 100-fold inJ@ for immediate
dissolving 1 mg of purified peptide in 1 mL of MilliQ kD analysis by LC-MS or acidified and run at a later time.
and determining the concentration from the absorbance at Acid Hydrolysis.Solutions containing 1 mg/mL kB1 in
280 nm. Stock solutions 6£8 M GdHCI were prepared in  either 0.5, 1, 02 M HCI were incubated at 80 and/or 26
phosphate buffer (pH 7.4), and their concentrations were to examine the stability of each peptide in acid. At specified
determined by refractive index measurement. Urea stocktimes, 1uL aliquots were removed and diluted 100-fold in
solutions were prepared at concentrations~df0 M and water containing sufficient NaOH to neutralize the acid and
quantitated by both gravimetric and refractive index mea- hence stop the hydrolysis. The resulting solutions were
surements. The final concentration of urea in working analyzed using LEMS as described below. DnaK-f and
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Ficure 2: Attempted thermal denaturation of kB1 (A) and des{28)kB1 (B). 1D'H NMR spectra at 310, 340, and 370 K and again at
310 K after cooling. The complete reversibility of the thermal denaturation is shown with identical spectra after heating to temperatures
approaching boiling (top trace).

reduced, alkylated kalata B1 (kB1-RA) were also incubated chemical shift changes. Surprisingly though, only relatively
at 80°C in 0.5 M HCI for comparison. small changes to the peak widths were seen as the temper-

Mass SpectrometnAll solutions were monitored by LE ature was increased. The spectra recorded at high tempera-
MS on an Agilent Series 1100 HPLC system coupled to an tures ¢340 K) showed some line broadening, but nearly
API QStar mass spectrometer (PE Sciex) equipped with anall signals could be detected even at temperatures approach-
electrospray ionization (ESI) source. Data were collected, ing boiling. Once the compounds were cooled to 310 K, the
processed, and analyzed using the Analyst QS Software1p NMR spectrum was identical to the spectrum prior to
package (Applied Biosystems/MDS Sciex). heating, clearly showing the complete reversibility of any
RESULTS unfolding or conformational changes during heating. The
solution was then subjected to mass spectrometric analysis

The thermal, chemical, and enzymatic stability of kB1 to ensure that no modifications had occurred. The spectrum
were investigated by NMR spectroscopy, fluorescence (not shown) was identical with that obtained prior to the
spectroscopy, and LEMS. A number of derivatives of kB1,  heating.

including the natural variant kalata B2 (kB2), two acyclic The acyclic permutant des(228)kB1 was also subjected

permutants, and a disulfide-deficient mutant, were also 4 4ttempts at thermal denaturation, as shown in Figure 2. A
examined to quantify the contribution of various structural number of peaks diminished in intensity upon heating and

elemgnts to.stability. The acyclic permutant de§(28)kBl were absent from the spectra recorded>&10 K. The
has five residues removed from the backbone in loop 6 (Seeremaining peaks were relatively unchanged in line width up

E.'g;”?] tr11)é tfac re?(';:n rcsoorrresfgtgqr:gg toTz:]_[;rocgrsmyrlgnstlt(:];nstheto 330 K, above which their intensities decreased. Generally,

plrev)i/ouslyl b(fen :hownpto aldozgf a quIIJ/) foldued yet not a given degree of line broadening occurred at a temperature

biologically active conformation, suggesting a role of the approximately 10C lower in des(24r28)kBl_ then in kB1.

cyclic backbone in the mode of actiodd). The second However, the spectrum recorded after cooling to 310 K was
: identical to that prior to heating, illustrating the complete

acyclic permutant, des(¥20)kB1, has two residues re- L .
moved from loop 5 of the peptide backbone. It was examined reversibility of the process, as was the case for the native
B1l. The fact that the acyclic permutant had a thermal

because it contains an arginine residue necessary for trypti

cleavage that had been removed in the first acyclic permutantStapility only slightly decreased relative to that of native kB1
and provides an opportunity to examine the effect of breaking SU99€sts that the cystine knot rather than the cyclic backbone
the backbone in a location different from that of the first Plays & major role in the thermal stability. To test whether
acyclic permutant. The two-disulfide mutant has the two this was specific to the cystine knot motif of the cyclotides,
cysteines involved in the CysCysV disulfide bridge in similar studies were carried out with another cystine knot
native kB1 replaced with alanines. The structure of this Peptide. Conotoxin PVIIA was utilized because its size (27
mutant has been determinetD), and it adopts a conforma- ~@mino acids) and disulfide connectivity are similar to those
tion similar to that of the native peptide; however, the effects of kB1 (44). In contrast to kB1 and its acyclic permutant,
of the missing disulfide bond on stability have not previously PVIIA underwent irreversible changes with temperature.
been investigated. Above temperatures of 330 K, the amide proton peaks

Thermal StabilityFigure 2 shows the 1EH NMR spectra broadened and substantially diminished in intensity (data not
of kB1 and des(2428)kB1 at selected temperatures in the shown). When the compounds were cooled to 310 K, the
range of 316-370 K and after cooling to 310 K. As expected, peaks in the spectra remained broad and did not recover to
a number of the amide signals have temperature-dependentheir initial intensities or chemical shifts.
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Ficure 3: Effect of dithiothreitol (DTT) on the fluorescence of (B)
tryptophan. Fluorescence spectra of kB1 (28) in the presence
and absence of 5 mM DTT ana/6 M GdHCI. The native peptide
has a very low fluorescence intensity due to quenching of the Trp
residue by the neighboring disulfide, an effect removed upon
reduction by DTT.

500 4

. — (A1 A15}KET

[A1,A15}-KET + 6M GAHCI

a00 | [A1 A15}-kB1 + SmM DTT

. - - A1 A15]-KE1 + SmM DTT + 6M GdHCI
Chemical StabilityFluorescence spectroscopy was utilized AT e ’

to investigate the unfolding behavior of kB1 in the presence

200 4

Fluorescence Intensity

N

of chemical chaotropes and reductants. In particular, the w00

solvent environment of the single tryptophan in this peptide e
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presence of denaturants. Figure 3 shows the results of the

addlt.lon d 6 M GdHCI andfor 5 mM DTT 10 a 2M FicurRe 4: Fluorescence spectra of kB1 permutantsg®g in the
solution of kB1. The fluorescence spectrum of kB1 alone presence and absence of 5 mM DTT anddM GAHCI: (A) the
was low in intensity [compared, for example, to that of acyclic permutant des(248)kB1 and (B) the two-disulfide mutant
mellitin, a Trp-containing peptide that has been extensively [A**3kB1. The removal of a single disulfide bond in IAAkB1
studied by fluorescencé®), which exhibited a spectrum 4 allows significant changes in the fluorescence spectra upon addition
times more intense], with a _maximum emission wavelength ?r:; ‘\j,\',l%‘ g;aenlzfﬁ]cetdn.ot observed for the native and acyclic peptides
(Amay Of 335 nm. Upon additionfo6 M GdHCI, there was
no significant change in either the fluorescence intensity or significantly. Incubation of the acyclic permutant with both
emission wavelength, although the former decreased slightly. GAHCI and DTT resulted in an intensity increased compared
The addition of DTT to kB1 followed by incubation at 37 to that of the reduced species, without a discernible change
°C for 30 min resulted in a large and significant increase in in the wavelength of maximum fluorescence (344 nm). The
the fluorescence intensity-6-fold), and the wavelength of  two-disulfide mutant was the only species to show an
maximum emission was red-shifted 4845 nm. Addition increased fluorescence intensity upon additibé M GdHCI
of GdHCI to a solution of the DTT-reduced peptide caused to the oxidized form (3-fold increase). The wavelength of
a further increase in the intensity, but no change in the maximum emission was red-shifted (6 nm shift) compared
emission maximum. Kalata B2 behaved in a manner similar to the spectrum in buffer alone. Additiori & M GdHCI to
to that of kB1. Upon reduction, an increase in fluorescence the reduced [A!Y mutant caused an increase in fluorescence
intensity was observed, but the increase wa2-fold intensity comparable to those observed for both reduced kB1
compared to an increase of 5-fold for kB1. Unlike the case and reduced des(2£28)kB1.
for kB1, the subsequent addition of GAHCI caused no further  Circular dichroism was utilized as an additional tool to
change in the fluorescence spectrum. examine the thermal and chemical denaturation of kB1. A
Figure 4 shows the fluorescence spectra of the acyclic 50 uM solution of kB1 in 10 mM potassium phosphate was
permutant des(2428)kB1 and the two-disulfide analogue examined by CD spectroscopy between 190 and 250 nm.
in solutions of phosphate buffe8 M GdHCI, 5 mM DTT, The molar ellipticity at 220 nm was monitored with increas-
or both the reducing agent and denaturant. The two speciesng temperature (8C increments up to 98C). No significant
gave similar low-intensity spectra as seen for native kB1, changes were observed in the CD spectra for either the pure
with maximum fluorescence emission occurring-&35 nm. kB1 solutions or solutions contairgn8 M urea (see the
Upon addition of DTT, large increases in fluorescence Supporting Information). This supports the findings from the
intensity were observed, ca. 5-fold for the acyclic permutant NMR and fluorescence data that the oxidized peptide is
and ca. 6-fold for the two-disulfide permutant, and red shifts extremely resistant to conformational changes.
in the maximum fluorescence to 341 and 346 nm, respec- Enzymatic StabilitykB1 and the mutants were tested for
tively, were observed. This is consistent with the 5-fold their stability against four proteases: trypsin, endoGlu-C,
intensity increase and 6 nm red shift observed for kB1 upon pepsin, and thermolysin. The results were compared with
reduction. those for two control peptides. A linear 34-amino acid
Incubation of des(2428)kB1 with GAHCI resulted in no  peptide, corresponding to a truncated form of the bacterial
significant changes to the fluorescence spectrum, as was als@haperondéescherichia coliDnaK 577610 (DnaK-f) @6),
the case for native kB1, and thén.x did not change  was utilized as a positive control peptide expected to be

Wavelength {nm)
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Ficure 5: LC—MS chromatograms after incubation of kB1-RA with trypsin after 1 min (A) and endoGlu-C after 60 min (B) and the
resulting mass spectra from the peak at 4.1 (C) and 3.9 min (D) from the tryptic digest. Native kB1 was not degraded in any case, while
reduced kB1 exhibited an increased susceptibility toward proteolysis. The peaks observed at retentiontdmeiadre due to digestion
products of either the peptide or the enzyme itself.

susceptible to enzymatic degradation, and the conotoxinor pepsin and in less than 15 min after incubation with
PVIIA was used as an example of a cystine knot-containing thermolysin.
peptide. DnaK-f underwent cleavage in the presence of The degradation of kB1-RA by endoGlu-C was observed
trypsin at one or more sites within 15 min, and complete to proceed more slowly than that of trypsin. The tMS
proteolysis (i.e., at all sites) occurred gl h. This chromatogram (Figure 5B) shows a single peak & af
demonstrated the suitability of the enzyme digestion condi- 4.1 min in the absence of enzyme, while a second peak
tions. Under similar conditions, native kB1 did not undergo appeared at & of 4.0 min upon addition of endoGlu-C. As
any cleavage, as monitored by E®IS over the course of  was the case for tryptic digestion, a single product resulted
6 h. The reaction mixture was again examined after 24 h, from the cleavage of the cyclic backbone, but now the site
and after 48 h with the addition of fresh enzyme. No cleavage of cleavage was on the C-terminal side of the glutamic acid
products were observed. residue. The endoGlu-C digestion gave mass spectra (not
By contrast, the reduced and alkylated kalata B1 (kB1- shown) nearly identical to that of the tryptic digest of the
RA) showed rapid degradation. Figure 5 shows the-LC peptide as cleavage occurred at just one site in the backbone,
MS chromatograms resulting aft@ 1 min incubation of kB1- resulting in linearization.
RA with trypsin, and after a 60 min incubation with endoGlu- Figure 6 shows the time course for the enzymatic degrada-
C. The peak at a retention timg) of 4.1 min (Figure 5A) tion of kB1, kB1-RA, and DnaK-f by endoGlu-C and of kB1,
corresponded with a HPLC peak found in the absence of kB1-RA, DnaK-f, and PVIIA by thermolysin over a period
enzyme. The resulting mass spectrum (Figure 5C) showedof 5 h. The proportion degraded was calculated from the
two predominant peaks atVz 1081.2 and 1621.2 corre- amount of cleavage products as detected by-MS. While
sponding to the triply and doubly charged ions, respectively, the control peptide was completely degraded within minutes,
of reduced, alkylated kalata BIM{ = 3240 Da). Upon the native kB1 remained unchanged ¥ h and the reduced
addition of trypsin, a second peak was observed tat Gt peptide was degraded at an intermediate rate. Like native
3.9 min, corresponding to a linearized version in which the oxidized kB1, the two acyclic permutants (data not shown)
peptide had been cleaved on the C-terminal side of the showed no sign of degradation in the presence of trypsin,
arginine residue. This second peak gave ions/atl087.2 endoGlu-C, pepsin, or thermolysin, while the reduced form
and 1630.0, which corresponds to the addition gdtacross underwent rapid cleavage in the presence of trypsihs(
a peptide bondNl, = 3258 Da). After a 15 min incubation  min), endoGIlu-C €4 h), and thermolysin<5 h), but was
at 37 °C, only a trace amount of cyclic peptide was still stable to pepsin. DnaK-f was degraded rapidhp(min) in
present. Des(2428)kB1 was not used for tryptic digestion both endoGlu-C and thermolysin, confirming that conditions
studies as it did not contain a proteolytic site because of thewere suitable for proteolytic degradation. As expected, the
removal of the arginine. However, no tryptic digestion was conotoxin PVIIA was not degraded in endoGlu-C under the
observed for des(1920)kB1, which does contain a potential conditions that were utilized. This peptide does not contain
trypsin cleavage site. Native PVIIA also showed no sign of any glutamic acid residues and thus contains no potential
degradation in the presence of trypsin, while reduced PVIIA sites for cleavage. However, the peptide was rapidly degraded
was degraded in less than 1 min in the presence of trypsin(<30 min) in the presence of thermolysin.
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« kB1 Reduced kB1 exhibited greater resistance to acid hydrolysis than
801 . kB1-RA DnaK-f did, while native kB1 again was highly stable.
v DnaK-f
. PVIA was observed. Two new peaks were observed in the HPLC
trace for a sample taken after a 45 min incubation, and these
increased in intensity with an increased incubation time. They
yielded identical mass spectra corresponding to a single
cleavage of the cyclic peptide backbone (mass increase of
18); however, their different retention times suggested that

180 240 300 two species were present, the later eluting peak being

approximately 3-fold more abundant. After 1 h, an additional
Time (min) peak was noted with a mass consistent with two cleavages

FiGURE 6: Enzymatic degradation of kB1, kB1-RA, DnaK-f, and of the backbone (i.e., the addition of 36 to the molecular

PVIIA over time by (A) endoGlu-C and (B) thermolysin. The = mass). This peak increased in intensity with time, and after

control peptide DnaK-f, and cystine knot peptide PVIIA, underwent 2 h, a second earlier eluting peak was observed in the
rapid degradation in endopeptidases. kB1 was impervious to h ' his had th indicati h
proteolytic cleavage, and kB1-RA exhibited resistance to proteolytic chromatogram. This had the same mass, indicating that two

cleavage. species containing two cleavages of the peptide backbone
were present. All of the samples taken affeh contained

In the presence of pepsin, the digestive enzyme found in another peak in the chromatogram, because of a further
the gut, no degradation of native kB1 was observed. This cleavage, i.e., three cleavages of the backbone.
was also the case for kB1-RA, which was stable for up to  Figure 7 shows the acid-induced degradation of kB1, kB1-
24 h. There was no sign of degradation of the acyclic RA, and DnaK-f as seen in LEMS chromatograms over
permutants in the presence of pepsin either. The controltime. For the control DnaK-f peptide, cleavage of the
peptide, DnaK-f, was completely degraded within 15 min, backbone to yield multiple different peptide species was
with the cleavages occurring initially on the C-terminal side observed. More than 95% of the control peptide was
of glutamic acid and leucine residues. Conotoxin PVIIA was degraded afte2 h compared to-25% degradation of kB1.
also incubated with pepsin and was found to undergo Approximately 65% of kB1-RA had been hydrolyzed after
complete proteolysis within 5 min. Native oxidized kB1 and the same time, and complete hydrolysis occurrec@h.
reduced kB1 were also incubated with pepsin in the presenceAll of the reduced and oxidized kalata peptides were also
of 3 M GdHCI, and both were found to be stable for up to examined after incubation in acid at 26, but degradation
24 h. did not occur at this temperature. Under more acidic

Upon incubation of DnaK-f with thermolysin at 6%, conditions (1 ad 2 M HCI), the rate of hydrolysis of kB1
multiple cleavages were observed on the N-terminal side of Was increased and the point at which 95% of the peptide
hydrophobic residues, in particular at leucine and isoleucine had been hydrolyzed was observed to be at 5 and 2 h,
residues. By contrast, kB1 was completely impervious to respectively (data not shown).
proteolysis by thermolysin, as were the acyclic permutants. [N summary, the thermal, chemical, and enzymatic stabili-
It is interesting to note that in the case of kB1-RA, very ties of the prototypic cyclotide kalata B1 have been
little degradation was observed over the first 90 min, after quantitatively determined, and the results provide definitive
which proteolysis followed a sigmoidal pattern (Figure 6). €vidence of its exceptional stability. Comparisons of the
There are five theoretical cleavage siteg{®s, Sis—Wao, native form to fully reduced or two-disulfide species have
P20—Va1, Gas—L 27, and Bg—V9) within the peptide sequence, highlighted the reduced stability of derivatives lacking one
and polypeptide fragments from cleavage at four of these Or more disulfide bridges.
sites were observed in the mass spectra (the exception bein
6 SeWae 1) $iscussion

Acid Hydrolysis.The peptides were dissolved in 0.5 M In this work, we have examined the thermal, chemical,
hydrochloric acid and incubated at 8C to examine their  and enzymatic stabilities of the prototypic cyclotide kB1. It
hydrolysis over time. No hydrolysis, as monitored by+C  was compared to several related peptides, including the
MS, was observed for samples that had been incubated fomatural variant kB2 that contains five substituted residues,
up to 0.5 h; only a single peak corresponding to native kB1 two acyclic permutants, in which the backbone is broken in
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two different places, and a mutant in which a single disulfide solvent-exposed}), and moves toward longer wavelengths
bond has been removed. The native, folded form of the when the Trp is exposed to a polar medium. In the current
peptide was stable in agueous solution to temperaturesstudy, mellitin was found to have &nax of 350 nm, in
approaching boiling, to high concentrations of the chaotropic agreement with the literaturé@). kB1 and kB2 had emission
agents guanidine hydrochloride (6 M) and urea (8 M), and maxima of ~335 nm, indicating that the Trp in these
to enzymatic degradation, as well as showing resistance tomolecules is in a partially solvated environment. This is
hydrolysis in 0.5 M HCI. By contrast, the reduced species consistent with structural studies, which indicate that in the
showed decreased stability and was susceptible to enzymatidolded state the three-disulfide bonds occupy the protein core,
degradation by trypsin, endoGlu-C, and thermolysin as well thus forcing the Trp and other hydrophobic residues to the
as showing increased susceptibility toward acid hydrolysis. surface. Although the Trp residue is exposed (see Figure 1),
Two acyclic permutants displayed proteolytic stability com- it is protected on one face by the adjacent Pro residue, thus
parable with that of kB1, suggesting that the cystine knot explaining the “partially exposed” position of the fluores-
rather than the cyclic backbone is largely responsible for the cence maximum. NMR spectra provide evidence of this
resistance to endopeptidases. These quantitative findings ofmrp—Pro interaction via the significant upfield shift of one
the stability of the cyclotide kB1 and the relative contribu- of the Pros-protons, seen at approximateh0.25 ppm (a
tions of its constituent structural motifs, namely, a circular shift of >2 ppm from the random coil valuep). Also of
backbone and a cystine knot, provide information that will relevance to the interpretation of the current fluorescence
be useful in the exploitation of the CCK framework as a data is the fact that the Trp residue is in the proximity of
molecular template. the Cys5-Cys17 disulfide bond. Disulfides are known to
The resistance of kB1 to thermal denaturation as monitoredbe effective quenchers of Trp fluorescencgl)( The
by NMR spectroscopy shows that the cyclotides are thermally combination of this quenching and the exposed location of
stable to at least 370 K. The acyclic permutant des(24 the Trp residue accounts for the low observed fluorescence
28)kB1 was slightly more sensitive to temperature changes,intensity in the native state of kB1 and its derivatives studied
but its NMR spectra also showed complete reversibility after here.
it cooled to 310 K. The additional flexibility conferred by In most folded proteins, addition of denaturants generally
the break in the backbone could account for the increasedresults in a decrease in fluorescence intensity and in a red
susceptibility of the acyclic permutant to temperature. shift of the fluorescence maximum. There was no significant
Overall, the cystine knot in kB1 shows remarkable thermal change in the fluorescence spectra of any of the oxidized
stability. By contrast, PVIIA appeared to be irreversibly derivatives (kB1, kB2, or the acyclic permutants) on addition
denatured after being heated to 370 K, despite having aof GdHCI, suggesting that either they are not denatured by
cystine knot motif similar to that of kB1. This demonstrates this agent or there is simply insufficient change in the already
that some cystine knots are not as stable as others, and thdbw fluorescence signal, which has the characteristics of an
other structural features must also contribute to the particularexposed Trp, even in the native state. On the basis of other
stability of the cyclotides. One such factor could be a strong observations reported herein, the former explanation seems
hydrogen bond network that has been identified between themore likely; i.e., the cyclic cystine knot has very little
carboxyl side chain of GRiand the backbone amide protons capacity to denature, even under the most extreme chaotropic
of Thr'! and Asi? (47). Glu® is one of few residues conditions. The small drop in fluorescence intensity seen
completely conserved among all known cyclotides and upon addition of GdHCI may reflect some slight local
appears to play a crucial role, via its hydrogen bonding disordering of the Trp side chain, disrupting its interactions
interactions, in defining and stabilizing their three-dimen- with the adjacent Pro residue.
sional structures. The large increase in fluorescence intensity observed for
The thermal stability studies were followed by attempts kB1 upon addition of DTT, i.e., on formation of the reduced
to chemically denature kB1 and its variants. Given the form of the peptide, is due to the disruption of the disulfide
chemical similarity between denaturants such as urea orbonds, which removes the source of the quenching of the
GdHCI and peptide bonds, which are mostly buried in folded Trp residue. The reduced peptide yields fluorescence spectra
proteins, their denaturing action can be described using thewith a Amax shifted to the red compared to that of the native
adage ‘“like dissolves like”, if unfolding is viewed as the peptide, indicating an increased level of solvent exposure.
dissolving of peptide bonds into the solvent. Since individual The addition of GAHCI to the reduced form of kB1 brought
interactions between these denaturants and proteins are wealgbout an increase in the fluorescence intensity, which
the total strength of the interaction is greater if the number increased linearly with increasing GdHCI concentration. kB2
of interactions can be increased, as occurs with protein behaved like kB1, indicating that the five residue substitu-
unfolding. In the current study, fluorescence methods were tions did not appear to dramatically influence the fluores-
used to monitor the unfolding process. cence behavior of the molecule. The increased fluorescence
Fluorescence spectroscopy provides a convenient andntensity upon addition of a denaturant to reduced kB1 is
sensitive means for probing the environment of Trp residues unusual, but there are other known examples in which an
in proteins 48). Since kB1 contains no Tyr or Phe residues, increase in fluorescence intensity is observed upon denatur-
its fluorescence is determined by the environment of its single ation. For example, Lakshmikanth and Krishnamoorthy
Trp. The fluorescence intensity of kB1 and its variants was examined the dynamics of solvent-exposed Trp residues at
low compared to that of mellitin, which was used as a protein surfaces and observed an increase in fluorescence
positive control. For proteins in general, the Tipax is emission upon addition of denaturab®). Another example
sensitive to the local environment, ranging from 308 nm for is the DsbA protein fornk. coliin which reduction of the
azurin (Trp completely buried) to 353 nm for glucagon (fully active site disulfide in the thioredoxin domain causes a more
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than 3-fold increase in tryptophan fluorescenssg)(In this H
example, the Trp that is quenched is more than 12 A from @
the active site disulfide; however, energy transfer occurs e o
through a phenylalanine residue. %.. —
The acyclic permutant, des(228)kB1, was studied to

determine the contribution of the cyclic backbone to the 1
chemical stability of kB1. The addition of denaturant to this ®
permutant resulted in little change in the fluorescence spectra, v~

indicating little change in the chemical environment of the § v/

GdHCI

No change SH
B

Trp residue. Upon reduction, a large increase in fluorescence
intensity and a red shift in thinac were evidence of a change
in the environment from a partially solvated state to a fully
solvent-exposed state and removal of the quenching effect
of the disulfide bond. The addition of GAHCI to the reduced
form of des(24-28)kB1 brought about a similar increase in v
fluorescence intensity like that observed for reduced kB1. i
These results are in agreement with structural studies on the
acyclic derivative, which showed that breaking the backbone
in loop 6 of the cyclotide structure has a minimal effect on
the three-dimensional fold4(Q).

Studies on the two-disulfide mutant clearly showed the
contribution of the disulfide bonds to the chemical stability
of kB1. This derivative has the same fold as native kB1, pgure8: Schematic representation of the effects of a denaturant
with only minor changes noted near Cys1/AldD)( showing (GdHCI) and a reducing agent (DTT) on kB1 (A), des{28)-
that the missing disulfide bond is not essential for maintain- kB1 (B), and [A-*9kB1 (C). These represent a native cyclotide,
ing the three-cimensional fold. However, by contrast wlh 2 S00IS Ut B bl Tt speciuey e
all of the other O).(l.dlzed three-disulfide pepndes that WEre ihe hydrogen bond network among GIlAénll, and Th#2 Both
studied, the addition of denaturant to this two-disulfide three-disulfide species are essentially unaffected by GdHCI, but
mutant caused an increase in fluorescence intensity. Thusthe two-disulfide mutant is susceptible to partial denaturation. The
despite not greatly affecting the structure, the removal of fact that the acyclic permutant and native cyclotide behave similarly

_ vV di ; ; suggests that most of the resistance to chemical denturation comes
thel Cy;*|> (iyé ddISU|fIde bfond ?ppeatr_s tol pregllsg)_oset:]het from the cystine knot rather than the circular backbone. Reduction
molecule 10 a degree o .c-on ormational unto 'ng, al of all of the species with DTT causes large changes in the
becomes apparent upon addition of a denaturant. The increasgyorescence spectra, but the reduced species may adopt a partially

in intensity and red-shifted maximum suggest that the native fold, judging by the fact that subsequent addition of
conformational change affects both the local Trp environment denaturant to the reduced peptides causes further changes in the
and the degree of quenching caused by the remaining twofluorescence spectra.
disulfide bonds. Complete reduction resulted in a fluores- amino acids. The peptide is extremely stable against heat-
cence spectrum similar to that of reduced kB1, as might be and denaturant-induced unfolding and only unfolded at 102
expected because all disulfide cross-links are absent in both°C, pH 2.5, and a low ionic strength. At 2&, it unfolded
species. in 6 M GdHCI but did not unfoldm 8 M urea 42). By
Figure 8 summarizes the effects of the addition of contrast, kB1 was stable under the same conditions (8 M
reductant and denaturant to native kB1, des(2&)kB1, and urea and pH 2.5) up to 98 and did not unfold in GdHCI.
[A119KkB1. It indicates that denaturant alone has essentially The knotted arrangement of disulfide bonds present in the
no effect on the three-disulfide species, but can cause minorcyclotides thus clearly confers additional stability against
disruption of the two-disulfide species. The position of a thermal and chemical denaturation.
hydrogen bond network from Gluhat may be a key factor Surprisingly, there have been few reports about the
in stabilizing the cystine knot of cyclotides relative to other enzymatic stability of cystine knot proteins. A synthetic form
cystine knot-containing peptides is indicated. Reduction of of w-conotoxin MVIIA was found to degrade in endopro-
all disulfide bonds causes substantial increases in fluores-teinase Lys-C and in trypsin, in both the oxidized and reduced
cence intensity, mainly due to removal of disulfide bond forms G4). TxVII, anotherw-conotoxin, was also found to
guenching of Trp. However, there must be a degree of undergo proteolysis only after long incubation times with
conformational ordering in the reduced species, as additionendoproteinase Lys-C followed by thermolysib5). For
of denaturing agents to them causes a further change incomparison, insulin-like growth factor (IGF-1) is a large
fluorescence signals. polypeptide also containing three disulfide bridges; however,
Although the results reported here show that it is the these are arranged in a Cy€ydY, Cyd' —Cys”, and Cy4 —
cystine knot rather than the circular backbone that plays a Cys’ connectivity, and thus, IGF-I does not fall within the
major role in structural stabilization of the cyclotides, the cystine knot classification. It has been shown to be degraded
circular backbone also plays a role. It is interesting to in cocktails containing pancreatic enzymes, intestinal flush-
compare the results with recent reports on a peptide that hasngs, and/or endoproteases such as trypsin and chymotrypsin
a circular backbone but no cystine knot. AS-48 is a 70-amino (56). Many cystine knot peptides, or knottins, are found in
acid circular enterocin produced tBnterococcus faecalis  protease-rich environments, and this structural motif may
that contains no cysteines or post-translationally modified well have evolved to confer protease resistans®.(In

HS
HS

1 GdHCI
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(©)

H
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SH
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general, cystine knot-containing proteins appear to be disulfide mutant and for helpful discussions and preliminary

considerably more stable than other peptides similar in size data on unfolding studies on kalata B1. We are also grateful

and disulfide content. for the assistance of Alun Jones (IMB) with the mass
Native kB1 was observed to be impervious to degradation spectrometric analysis.

by trypsin, endoGlu-C, pepsin, and thermolysin. The experi-

ments utilizing pepsin in the presence of acid were designedSUPPORTING INFORMATION AVAILABLE

to represent conditions present in the stomach. kBl was also ~p spectra of kalata B1, in the absence and presence of
incubated in the presence of intestinal contents for up t0 24 g 1 yrea. between 190 aﬁd 250 nm at S are shown.

h and was completely stable. In all experiments, a linear ge|oy 210 nm, interference was caused by the presence of
control peptide similar in size (DnaK-f) underwent rapid he rea. There were no significant differences noted in the
degrad_atlon. The two acycllc permutants tested also eXh'b'tedspectra at any measured temperature-9% °C). This
exceptional stability, with no signs of any degradation ,5ierig| is available free of charge via the Internet at http://
occurring as monitored by LEMS. kB1-RA was susceptible pubs.acs.org.
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