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Progress in understanding the biosynthetic pathway of the cyclotides has been hampered as this unique
family of cyclic plant peptides are notoriously difficult to analyse by standard proteomic approaches such
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eywords:
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as gel electrophoresis. We have developed a simple, rapid and robust strategy for the quantification of
cyclotides in crude plant extracts using MALDI-TOF MS making use of generic peptides similar in mass
to the analyte as internal standards for calibration. Linearity (r2 > 0.99) over two orders of magnitude
(down to femtomole levels) was achieved in plant extracts, allowing quantitative analysis of transgenic
and endogenous peptide expression.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Cyclisation of a protein backbone has the capacity to increase
protein’s thermodynamic stability and decrease its susceptibil-

ty to enzymatic degradation [1,2]. Understanding the biosynthesis
f backbone-cyclised (circular) peptides which occur naturally in
acteria, plants and mammals [3,4] is therefore an area of sig-
ificant interest but progress has been impeded by difficulties
ssociated with quantitatively analysing circular peptides in com-
lex mixtures. By far the largest family of circular peptides is the
yclotides-insecticidal peptides [5,6] produced by plants from the
ubiaceae and Violaceae families, with linear ancestral cyclotides
lso recently reported in the grasses (Poaceae; [7]). Typically ∼30
esidues in length, cyclotides are characterised by the conserved
pacing of six cysteine residues, which form a knot of three disulfide
onds at their core, and a head-to-tail cyclised protein backbone.
he structure of the prototypic cyclotide kalata B1 is shown in
ig. 1(a).
Owing to their compact nature and the fact that each plant pro-
uces a large suite of closely related cyclotides [8,9] it has not
een possible to characterise cyclotides in plant extracts using
ethods such as gel electrophoresis and immunoblotting. This is

Abbreviations: MALDI-TOF MS, matrix-assisted laser desorption/ionisation
ime-of-flight mass spectrometry; kB1, kalata B1.
∗ Corresponding author. Tel.: +61 7 3346 2019; fax: +61 7 3346 2029.

E-mail address: d.craik@imb.uq.edu.au (D.J. Craik).
1 Present address: CSIRO Livestock Industries, Queensland Bioscience Precinct, St
ucia, Queensland 4067, Australia.
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ighlighted by the immunoblot in Fig. 1(b) in which polyclonal
ntibodies raised against kalata B1 were tested against an extract
rom Oldenlandia affinis (Rubiaceae) leaves as well as the puri-
ed peptide. O. affinis endogenously produces large amounts of
he prototypic cyclotide kalata B1 in addition to a suite of other
elated cyclotides [8]. The RP-HPLC traces in Fig. 1(c) confirm that
alata B1 is present in the O. affinis extract, where it is easily
dentified as a prominent peak that co-elutes with purified kalata
1. Despite its apparent abundance, kalata B1 antibodies do not
etect the mature peptide either in the O. affinis extract or as
urified peptide although they do identify the cyclotide precur-
or protein (∼12 kDa) in the leaf extract [10]. Similarly cyclotides
re not detected by protein dyes such as Coomassie blue or silver
tain.

Many proteomic studies utilise electrophoresis-based fraction-
tion followed by mass spectrometry to analyse changes in protein
bundance under different conditions [11–14]. This approach is
ot amenable to the detection of backbone-cyclised peptides,
uch as cyclotides, and possibly overlooks many other peptides
resent in plants. Nevertheless, previous studies have shown that
lthough cyclotides lack termini they are amenable to analy-
is by mass spectrometry using both electrospray [9,15,16] and
ALDI [17] ionisation techniques. Recently we also showed that

yclotides can be detected in crude leaf extracts using matrix
ssisted laser desorption/ionisation time-of-flight mass spectrom-

try (MALDI-TOF MS) [10,17]. Here we describe and validate a
rocedure for the quantitative analysis of cyclotides in plants
sing MALDI-TOF MS calibrated relative to an internal standard.
oth endogenous and transgenic kalata B1 production is repro-
ucibly quantified from crude extracts in a rapid process that could

http://www.sciencedirect.com/science/journal/15700232
mailto:d.craik@imb.uq.edu.au
dx.doi.org/10.1016/j.jchromb.2008.07.023
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Fig. 1. Structure and characterisation of cyclotides: (a) Representation of the three-
dimensional structure of the cyclotide kalata B1 (PDB ID: 1NB1). The six cysteine
residues that make up the three disulfide bonds at the core of the protein are
shown in ball-and-stick format. (b) Immunoblot analysis of O. affinis leaf extracts
(2.5–10 mg/mL) and purified kalata B1 (0.5–5 �g) using polyclonal antibodies raised
against kalata B1. The antibodies do not detect kalata B1 (2892 Da) but in the O. affinis
extracts identify a protein with a similar molecular weight to the kalata B1 precur-
sor (12 kDa) as well as another higher molecular weight protein, that is possibly an
o
(
a

p
p

2

2

p
p
u
u
a
b

2
R

g
t
i
F
A
f
w
t
b
d
g
S
B

(
C
fi
g
m

2

p
d
i
p

2

fi
w
l
0
c
t
f
q

2

d
(
i
a
i
w
i

2

d
d
solution at 280 nm (ε = 6050 M−1 cm−1; [20]). A stock solution
ligomer. (c) RP-HPLC analysis of O. affinis leaf extracts (100 �g) and pure kalata B1
23 �g). An easily identifiable protein in the O. affinis extract elutes at the same time
s kalata B1.

otentially be applied to the analysis of other ‘recalcitrant’ plant
eptides.

. Experimental

.1. Extraction and purification of kalata B1 from O. affinis

Kalata B1 was extracted from the aerial parts of O. affinis
lants and purified by RP-HPLC as previously described [18]. The
urity of the final product was examined by analytical RP-HPLC

nder isocratic conditions using a Phenomonex Jupiter C18 col-
mn (300 Å, 150 mm × 2.00 mm, 5 �m, with SecurityGuard filter)
t a flow rate of 0.3 mL/min and by MALDI-TOF MS as described
elow.
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p
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.2. Characterisation of kalataB1 by immunoblotting and
P-HPLC

Polyclonal antibodies were raised against kalata B1 conju-
ated to keyhole limpet hemocyanin in rabbits. Purification of
he immune serum on protein-A sepharose (Sigma–Aldrich) and
mmunoblot analysis was carried out as described in Ref. [19].
or immunoblotting O. affinis leaf extracts were prepared in 50%
CN, 0.1% TFA (see below). Aliquots of the extracts standardised

or total protein concentration and aliquots of purified kalata B1
ere fractionated by SDS–PAGE and electrophoretically transferred

o nitrocellulose membrane (Amersham Biosciences). The mem-
rane was first incubated with kalata B1 antibodies (2 mg/mL
iluted 4000-fold) and then horseradish peroxidase-conjugated
oat antibodies directed against rabbit IgG (diluted 10,000-fold;
igma–Aldrich). An enhanced chemiluminescence kit (Amersham
iosciences) was used to visualise antibody binding.

Aliquots of purified kalata B1 (23 �g) and the O. affinis extract
100 �g) were analysed by RP-HPLC using a Phenomonex Jupiter
18 column (300 Å, 150 mm × 2.00 mm, 5 �m, with SecurityGuard
lter) at a flow rate of 0.3 mL/min. Protein was eluted using a 5–80%
radient of 90% CH3CN, 0.05% TFA in 0.05% TFA over 75 min and
onitored by UV at 215 nm.

.3. Expression of kalata B1 in Nicotiana benthamiana leaves

Agrobacterium-mediated transient expression of the cyclotide
recursor in N. benthamiana leaves was carried out as previously
escribed [17]. Infiltrated leaf material was collected at 2–4 dpi,

mmediately snap frozen in liquid nitrogen and stored at −80 ◦C
rior to analysis.

.4. Extraction of plant material for MALDI-TOF MS

Leaf tissue was snap frozen in liquid nitrogen and ground to a
ne powder in a pre-chilled mortar and pestle. The ground material
as used immediately or stored at −80 ◦C until required. Ground

eaf material was combined with water, 0.1% TFA (v/v) or 50% ACN,
.1% TFA (v/v) and homogenised using a mortar and pestle or, if
onducted in a 1.5 mL tube, vortexed vigorously. Particulate mat-
er was pelleted by centrifugation of the homogenate at 17,000 × g
or 10 min at 4 ◦C. The soluble supernatant was collected for subse-
uent analysis.

.5. Standardisation of protein concentration

Total protein concentration in the soluble leaf extracts was
etermined using the bicinchoninic acid (BCA) protein assay
Pierce). The assay is based on colourimetric detection of proteins
n solution and was conducted with reference to a bovine serum
lbumin standard (0.025–1 mg/mL). A mean value of three read-
ngs was used to calculate total protein concentration. The extracts

ere adjusted to the desired concentration using the same solvent
n which they were extracted.

.6. Preparation of kalata B1 calibration solutions

A stock solution (0.5 mg/mL) of kalata B1 was prepared by
issolving lyophilised kalata B1 in Milli Q water and accurately
etermining the concentration using the UV absorbance of the
0.4 mg/mL) of sunflower trypsin inhibitor-1 (SFTI-1) was pre-
ared in Milli Q water and diluted similarly to the kalata B1
tandards as follows. A set of standard solutions ranging in con-
entration from 1 to 400 �g/mL of kalata B1 was prepared by
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MALDI-TOF MS is not commonly employed for the quantifica-
tion of peptides in complex mixtures, such as plant tissue extracts,
because of the inherent heterogeneity of the matrix-sample prepa-
ration, which leads to poor reproducibility of the signal both within
I. Saska et al. / J. Chrom

ilution of the stock solution in 50% ACN, 0.1% TFA. The standard
olutions were, in turn, diluted 10-fold in either solvent or plant
xtract and combined in a 1:1 ratio (v/v) with the internal stan-
ard solution, consisting of the Calibration Mixture 2 (Sequazyme
eptide Mass Standards Kit; Applied Biosystems). The internal
tandard mixture was prepared as a 1/200 or 1/400 dilution of
he concentrated solution provided by the manufacturer in 50%
CN, 0.1% TFA. The 1/400 dilution had a final concentration of
25 fmol/�L angiotensin I, 125 fmol/�L ACTH(1–17), 93.75 fmol/�L
CTH(18–39), 187.5 fmol/�L ACTH(7–38) and 218.75 fmol/�L of

nsulin (bovine).

.7. Preparation of MALDI matrix

A saturated solution of �-cyano-4-hydroxycinnamic acid
CHCA; Sigma–Aldrich) was prepared by dissolving the matrix in
0% ACN, 0.1% TFA with 5 mM ammonium phosphate to a final
oncentration of 5 mg/mL. The solution was vortexed thoroughly,
onicated in a water bath for several minutes, and centrifuged at
8,000 × g for 10 min at room temperature. The supernatant was
sed in the preparation of samples for MALDI-TOF MS.

.8. Matrix assisted laser desorption/ionisation time-of-flight
ass spectrometry

An aliquot of each of the kalata B1 solutions in solvent or
xtract containing the internal standard was combined 1:1 with
he CHCA matrix and mixed thoroughly. When quantification was
ot required the extracts were mixed directly with the matrix (1:1,
/v). Aliquots (0.6 �L) of the mixtures were spotted on a 192 well
late (Applied Biosystems) and air dried. Mass analysis was car-
ied out in positive ion reflector mode on the 4700 Proteomics
nalyzer (Applied Biosystems) using a 200 Hz frequency tripled
d:YAG laser operating at 355 nm. Fifty spectra at each of 30 ran-
omly selected positions were accumulated per spot between 1000
nd 5000 Da using an MS positive ion reflectron mode acquisition
ethod. Calibration of the instrument was carried out using the

ame Calibration Mixture 2 used as the internal standard. Data were
nalysed on the accompanying 4000 series Explorer Software.

.9. Data analysis

Baseline correction and Gaussian smoothing was applied to
ach mass spectrum. Calibration curves were constructed using the
ummed peak area of kalata B1 (analyte) relative to an internal stan-
ard protein. The first three isotopic peaks (S/N > 5) of each protein
ignal were used in the calculations. Average values were deter-
ined from three replicate analyses unless otherwise stated and

re presented ± standard deviation. The relative area was not calcu-
ated when either the analyte or internal standard mass peaks were
ot detected above S/N > 5 in all three replicates. Linear regression
nalysis was performed in GraphPad Prism, which was also used
o determine unknown sample concentrations by fitting the linear
quation y = mx + c.

. Results and discussion

This study describes a MALDI-TOF MS based approach for the
uantification of backbone-cyclised peptides known as cyclotides
n plants. Despite the difficulty in identifying cyclotides using gel

lectrophoresis or by immunoblotting it is possible to detect them
n crude leaf extracts using mass spectrometry. MALDI-TOF mass
pectrometry is an extremely sensitive technique for the analysis
f proteins by mass. As a result of its tolerance to salts and abil-
ty to analyse complex mixtures, MALDI-TOF MS is regularly used

F
t
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n the detection and sequencing of proteins, most notably as part
f large-scale proteomics initiatives [11–14]. The robustness of the
echnique has been well demonstrated by its use to analyse whole
acterial cells for taxonomic identification [21], proteins and pep-
ides in situ [22–24] and for metabolite profiling [25]. Yet despite
hese advantages MALDI-TOF MS is not commonly employed for the
uantification of peptides in complex mixtures, such as plant tis-
ue extracts. Concerns with poor spot-to-spot reproducibility and
ariations in signal ion intensities have limited the adoption of
ALDI-TOF MS as a quantitative tool [26–28]. Nevertheless, quan-

itative peptide MALDI quantification has been applied to study
f biological molecules including oligosaccharides [29], oligonu-
leotides [30] and peptides [31–34]. We show here that MALDI-TOF
S can be a sensitive and robust technique for the quantitative

nalysis of peptide production in plants. The cyclotide kalata B1
as detected down to 0.025 �g/mL (5.2 femtomole) both as the
ure native peptide and when part of heterogenous plant extracts.
direct correlation between the concentration of kalata B1 and

ts response by MALDI-TOF MS was observed when standardised
elative to peptides comparable in mass to the analyte. Without
he calibration provided by this internal standard the response of
alata B1 was more variable (r2 = 0.9094). The ease and robustness
f the approach in quantifying cyclotides suggests that it could be
uccessfully adapted for the quantification of other plant peptides
ot amenable to ‘standard’ proteomics techniques.

.1. Identification of cyclotides from plant extracts using
ALDI-TOF MS

Soluble extracts prepared from leaf tissue in 50% ACN, 0.1% TFA
ere analysed by MALDI-TOF MS in �-cyano-4-hydroxycinnamic

cid (CHCA). As shown in Fig. 2, a series of masses in the range
xpected for cyclotides (2800–3400 Da) is observed in extracts
rom O. affinis leaves. Eight of the masses correspond to the most
bundant of 17 cyclotides that have previously been characterised
n the aerial portions of the plant [8], including the cyclotide kalata
1, and are labelled using information from CyBase, a repository
f cyclotide gene and protein sequences [35]. The small amount
f material required to detect a majority of the circular peptides
10–200 ng of total protein per spot) indicated that MALDI-TOF MS
an provide a rapid and sensitive means of screening plants for
yclotide production. We wanted to test whether it was possible
o use this rapid screening procedure for quantitative studies in
rder to compare kalata B1 production in different plants and under
ifferent conditions.

.2. Calibration of the peptide signal using an internal standard
ig. 2. Identification of cyclotides present in O. affinis leaves by MALDI-TOF MS. On
he basis of their masses eight kalata cyclotides were identified in the extract.
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Fig. 3. Calibration of peptide concentration using different internal standards: (a)
Schematic representation of the isotopes used to calculate the relative area of the
kalata B1 peptide. (b–e) Kalata B1 calibration curves generated in solvent. The
relative area of the kalata B1 mass signal was calculated with reference to differ-
ent peptides in the calibration mixture; (b) ACTH(18–39) (c) ACTH(1–17) and (d)
angiotensin I. (e) A plot of kalata B1 peak area without reference to an internal
10 I. Saska et al. / J. Chrom

nd between samples spots [36,37]. To improve reproducibility we
alibrated the kalata B1 mass signal against an internal standard
eptide introduced into the sample prior to mass analysis. Although
related cyclotide, kalata B2, has previously been shown to serve

s a reliable internal standard for the quantification of kalata B1
33] it was not suitable for quantitative studies in O. affinis because
t occurs naturally and in high abundance in the plant. Instead

e used a peptide with a mass similar to kalata B1 but other-
ise structurally unrelated to it as the internal standard, thereby

nabling the quantitative analysis of cyclotides in multiple plant
pecies. In this study, we adopted the sample preparation method-
logy of Colgrave et al. [33], as it was found that matrix selection
nd application methods were critical to the production of uniform
o-crystals and that the data acquisition method could overcome
roblems of poor spot-to-spot reproducibility and signal degrada-
ion.

A mixture of peptides with a mass range corresponding to
yclotides was used in the construction of a calibration curve for
he cyclotide kalata B1. The internal standard consisted of the
ommercially available Calibration Mixture 2 from Applied Biosys-
ems, which includes five peptides: angiotensin I (m/z 1296.69),
CTH(1–17 clip) (m/z 2093.09), ACTH(18–39 clip) (m/z 2465.20),
CTH(7–38 clip) (m/z 3657.93) and bovine insulin (m/z 5730.61).
tock solutions of kalata B1 were prepared from protein extracted
rom O. affinis and purified by RP-HPLC. Protein concentration
as determined using UV absorbance at 280 nm. Dilutions of the

tock solution in 50% ACN, 0.1% TFA were mixed 1:1 with an
liquot of the internal standard solution made up in the same
olvent, combined with CHCA and spotted onto a MALDI sam-
le plate for mass analysis. To decrease the variation arising from
ample spot heterogeneity, multiple spectra (50) were acquired
t multiple positions (30) randomly selected from each spot and
ccumulated into a single spectrum. Calibration curves were gen-
rated by plotting the area of the kalata B1 peaks relative to the
rea of the internal standard peptides, across a range of differ-
nt kalata B1 concentrations. Relative area was calculated using
he area of the first three peaks in the isotopic cluster of the ana-
yte and the internal standard protein as shown schematically in
ig. 3(a).

As shown in Fig. 3(b–d) a good linear correlation, as defined
y r2 ≥ 0.99 [34,38], was observed between the concentration of
alata B1 and the relative area of the kalata B1 peaks when
eptides similar in molecular mass to the cyclotide were used
or internal calibration. Linearity across two orders of magni-
ude of analyte concentration (0.025–5.0 �g/mL) was achieved. At
alata B1 concentrations >5.0 �g/mL saturation of the signal was
bserved. Without reference to an internal standard the corre-
ation between the absolute area and peptide concentration was

eak, especially at high kalata B1 concentrations, as shown in
ig. 3(e). The molecular mass of the internal standard was a deter-
ining factor in the efficacy of the calibration; as the difference

etween the molecular mass of kalata B1 [M+H+ = 2892] and the
nternal standard proteins increased, the linearity between the rel-
tive area and concentration of kalata B1 decreased. Consequently,
highly linear relationship was observed when the area of kalata
1 was standardised relative to the ACTH(18–39) peptide fragment
M+H+ = 2466.7], and this decreased only slightly when plotted
elative to the ACTH(1–17) peptide fragment [M+H+ = 2094.5]. Sim-
larly, when kalata B1 was standardised relative to the ACTH(7–38)
eptide fragment [M+H+ = 3657.9] with mass ∼767 Da higher than

hat of kalata B1, a good correlation between the relative area and
eptide concentration was observed with an r2 value of >0.99 (data
ot shown). However, once the mass difference between the ana-

yte (kalata B1) and the internal standard exceeded ∼1 kDa (∼30%
nalyte mass), as with angiotensin I [M+H+ = 1297.5], the corre-

standard. Each point represents the average of three replicates ± SD. Correlation
coefficients (r2) and the difference in mass between kalata B1 and the internal
standard protein used are labelled on each plot.
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Fig. 4. Application of the quantification method to the unrelated cyclic peptide
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(r > 0.99) to the relative area of the cyclotide peaks analysed by
MALDI-TOF MS. This relationship was maintained over two orders
of magnitude (0.025–2.5 �g/mL kalata B1) in the extracts, confirm-
ing that even in complex mixtures kalata B1 can be quantified
reproducibly. The O. affinis calibration curves were adjusted for

Fig. 5. Kalata B1 calibration curves prepared in leaf extracts. Calibration curves were
unflower trypsin inhibitor-1 (SFTI-1). The relative area of the SFTI-1 mass signal
as calculated with reference to different peptides in the calibration mixture: (a)
CTH(1–17) and (b) angiotensin I.

ation between relative area and concentration broke down. The
CTH(18–39) peptide fragment was used as an internal standard

or subsequent kalata B1 calibration curves. The general applica-
ility of the quantitative approach for cyclic peptides was tested
y examining the potent Bowman-Birk inhibitor sunflower trypsin
nhibitor-1 (SFTI-1), which contains a head-to-tail cyclic backbone
nd a single disulfide bond [39,40]. Fig. 4 shows the linear rela-
ionship between the concentration of SFTI-1 and the relative area
f the SFTI-1 peaks using peptides similar in molecular mass for
nternal calibration. Linearity (r2 ≥ 0.99) across two orders of mag-
itude of analyte concentration (0.039–10.0 �g/mL) was achieved
sing angiotensin I, which differs in mass by 216.2 Da, i.e. within
5% of the analyte molecular weight. The correlation between
nalyte concentration and relative area was decreased (r2 ∼ 0.95)
owever, when SFTI-1 was compared to the ACTH(1–17) peptide

ragment. The mass difference between these two peptides was
80.8 Da or ∼38% of the analyte molecular weight. These findings
upport the hypothesis that an unrelated peptide may be used as
n internal standard, but it must be similar (±30%) in mass to the
nalyte.

The use of internal standards for the calibration of mass
ignals is not new but has predominantly been restricted to iso-
opic variants of the analyte or structurally related analogues
26,41–43], a requirement that has limited the applicability of
he procedure to the subset of analytes for which appropriate
nternal standards are available and to more highly purified sam-
les. The results presented here indicate that within a restricted
ass range, peptides structurally unrelated to the analyte can be
sed as internal standards. By using a peptide calibration mix-
ure rather than a specific internal standard it may be possible
o extend the effective mass range of quantification, allowing

ultiple peptides within an extract to be quantified simultane-
usly.
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.3. MALDI-TOF MS analysis of kalata B1 in plant extracts

To quantify cyclotide production in planta it was necessary to
onfirm that the correlation between kalata B1 and the internal
tandard in solvent persisted in plant extracts. Calibration curves
ere prepared using O. affinis and N. benthamiana leaf extracts to

nable both endogenous and transgenic cyclotide production to be
nalysed. The concentration of the N. benthamiana extract was stan-
ardised to 1 mg/mL total protein but the O. affinis extract had to be
sed at a much lower concentration to avoid saturation of the signal
y endogenous levels of cyclotides. To allow for variation in endoge-
ous cyclotide production, two calibration curves were constructed
sing O. affinis extracts, adjusted to 0.02 and 0.05 mg/mL total pro-
ein, respectively. In the absence of kalata B1 no other peaks were
etected in the same mass range in the N. benthamiana extracts (not
hown).

As seen in Fig. 5(a–c) the concentration of kalata B1 in both
he N. benthamiana and O. affinis extracts was directly proportional
2

repared in O. affinis leaf extracts standardised to 0.05 mg/mL (a) and 0.02 mg/mL
b) of total protein and in N. benthamiana leaf extracts standardised to 1 mg/mL(c)
f total protein. The area of kalata B1 was calculated relative to the ACTH(18–39)
eptide fragment, which was added to each sample as part of a calibration pro-
ein mixture. Each point represents the average of three replicates ± SD. Correlation
oefficients (r2) are indicated.
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Table 1
Reproducibility and accuracy of quantification

Theoretical concentration
(�g/mL)

Mean of measured
concentration
(�g/mL)

Reproducibility
CV (%)

Inaccuracy
(%)

O. affinis 0.05 mg/mL
2.5 1.882 17.3 24.7
0.625 0.537 8.2 14.1
0.125 0.105 11.0 16.0

Average 12.2 18.3

O. affinis 0.02 mg/mL
2.5 2.143 4.2 14.3
0.625 0.656 2.9 5.0
0.125 0.133 18.2 6.4

Average 8.4 8.5

N. benthamiana 1 mg/mL
2.5 2.580 16.0 3.2
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C-terminal pro-region of the precursor (GLPSLAA). These are rep-
resented schematically in Fig. 6(a) using the labels +G, +GL, +GLP
and +GLPS. In Fig. 6(b) the species are labelled on a mass spec-
trum of an extract of N. benthamiana leaves 3 days after infiltration

Fig. 6. Quantification of transgenic kalata B1 production in N. benthamiana: (a)
Schematic representation of the kalata B1 precursor protein which contains an N-
terminal endoplasmic reticulum signal sequence and the kalata B1 domain flanked
by N- and C-terminal pro regions. Transient expression of the precursor in N. ben-
thamiana leaves leads to the production of cyclic kalata B1 plus a range of truncated
linear peptides that include residues from the C-terminal pro region (GLPSLAA).
These are represented below with the different residues at which the peptides termi-
nate labelled 1–7. (b) Representative mass spectrum of an extract of N. benthamiana
leaves 3 days after infiltration with the kalata B1 precursor construct. Kalata B1 pro-
teins are labelled according to the residues they lack or have in addition to linear
0.625 0.720 3.4 15.2
0.125 0.140 22.0 12.0

Average 13.8 10.1

ndogenous levels of kalata B1 by subtracting the relative area of
alata B1 in a control sample from each of the data points.

The reproducibility of the procedure was assessed by measuring
he amount of kalata B1 in control samples containing known con-
entrations of the peptide. Samples were prepared independently
n both O. affinis and N. benthamiana extracts containing 0.125,
.625 and 2.5 �g/mL of kalata B1 plus an endogenous control (for
he O. affinis extracts). The concentration of kalata B1 in the samples
as estimated by fitting the relative area values to the linear equa-

ions derived from the calibration curves in Fig. 5. A comparison
f the theoretical and experimentally measured kalata B1 concen-
rations is given in Table 1. The method achieved average accuracy
f ≥90% for quantification of kalata B1 in samples prepared in the
. affinis (0.02 mg/mL) and N. benthamiana extracts and >80% and

n the O. affinis (0.05 mg/mL) extracts. Intra-assay coefficients of
ariation (CV) were on average <15%. To assess sample-to-sample
obustness three sets of quality controls were prepared from three
ndependent N. benthaminana extracts and each extract was pre-
ared and analysed in triplicate. At each concentration analysed the

nter-assay CV values were <10%, which is comparable to or lower
han the level of variation accepted in other recent quantitation
tudies [25,44].

.4. Analysis of endogenous cyclotide production

Endogenous levels of kalata B1 in O. affinis extracts were quanti-
ed by fitting the relative area of the kalata B1 signal from a control
ample (no kalata B1 added) to a linear equation derived from
he calibration curve. Using this method it was estimated that the
.02 and 0.05 �g/mL O. affinis extracts used to prepare the calibra-
ion curves contained 0.030 �g/mL (SD ± 0.009) and 0.057 �g/mL
SD ± 0.014) kalata B1, respectively. Adjusted for total protein con-
entration this indicates that the extract contained 1.32 ± 0.18 �g
alata B1 per mg of soluble protein. This value is consistent with
revious estimates of cyclotide concentration at ∼2 mg/g of dry
eight material [45] and highlights the high proportion of these
roteins in plants, especially given that kalata B1 is only one of a

uite of different cyclotides produced. The abundance of cyclotides
n O. affinis suggests that they naturally accumulate in plants,
onsistent with their proposed role in plant defence. Like the cys-
eine rich defensins, cyclotides may be stored in plant tissue until
athogen attack, when they are either mobilised or consumed by
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he invading organism [46,47]. Both kalata B1 and kalata B2 inhibit
he development of caterpillar larvae [5,6] and achieve this effect by
isrupting the luminal tissue within the digestive tract of the insect
48]. Recently cyclotides have also been reported to have nemato-
idal and molluscicidal activities [49,50], further emphasising their
mportance as host defence agents. The ability to readily quantify
yclotide production in plants should aid in the identification of the
nvironmental cues that stimulate the production of cyclotides in
lants.

.5. Quantification of transgenic kalata B1 production in N.
enthamiana

Transient expression of the kalata B1 precursor in N. benthami-
na produces cyclic kalata B1 as well as a suite of mis-processed
inear peptides [10,17]. The linear peptides correspond in mass to
inear kalata B1, with the successive addition of residues from the
alata B1. The numbers below each label refer to the termini identified in (a). (e) The
mount of cyclic kalata B1 produced in N. benthamiana leaves 2–4 days post infiltra-
ion (dpi) of the kalata B1 precursor construct was determined by fitting the relative
rea of kalata B1 in each of the samples onto the N. benthamiana calibration curve
black squares) in Fig. 4c (in circles, white = 2 dpi, grey = 3 dpi and black = 4 dpi). Each
oint represents the average of three replicates ± SD.
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ith agrobacterium harbouring the kalata B1 precursor. From this
pectrum it appears that cyclic kalata B1 is expressed in low abun-
ance in the transgenic plant. To quantify this, the relative area of
yclic kalata B1 in 1 mg/mL extracts of N. benthamiana leaves 2–4
ays post infiltration (dpi) was plotted onto the N. benthamiana
alibration curve. As seen in Fig. 6(c) a general increase in kalata
1 concentration is observed over time from 0.04 to 0.23 �g/mL.
espite over-expression of the kalata B1 precursor driven by a 35S
onstitutive promoter the amount of cyclic kalata B1 produced in N.
enthamiana from 2 to 4 dpi is ∼6–30-fold lower than is produced
n O. affinis.

The approach described here may be applied to the compar-
tive analysis of very small changes in protein production as is
he case for transgenic cyclotide production in N. benthamiana. We
ave demonstrated that it is possible to measure relative differ-
nces between sample populations without the need for labelling
r other treatments. Overall, transgenic production of kalata B1 in
eaves was well below endogenous levels, reaching a maximum of
.2% of soluble protein 4 days after agroinfiltration. Several factors
ay have contributed to this lower level of production. The pos-

ibility that the kalata B1 precursor was not being expressed in N.
enthamiana was discounted by immunoblot detection of the pre-
ursor protein, which appeared to be expressed at higher levels
han in O. affinis (data not shown).

.6. Analysis of protein processing—relative quantification of
ransgenic cyclotide production

The processing of transgenically expressed kalata B1 in N. ben-
hamiana leaves was monitored from 2 to 4 dpi. From Fig. 6(c) it is
vident that the amount of cyclic kalata B1 increased slightly over
his time period. To ascertain what changes were occurring in the
ther linear protein species we measured their relative area at each
ime point. Fig. 7 shows a plot of the relative area of each of the dif-
erent cyclotides species from 2 to 4 dpi. The fact that the linear
orrelation between kalata B1 and the internal standard proteins
as maintained over ∼1 kDa mass range suggested that within this

ange the linear correlation would also hold for the closely related
roteins.
The quantification data indicate that the amount of the longer
pecies (+GL, +GLP) progressively decreases as the amount of the
horter species (−G, linear, +G) increases. This finding confirms
he prediction made from qualitative observations that the linear
yclotide proteins are progressively trimmed from the C-terminus

ig. 7. Comparative analysis of protein processing using MALDI-TOF MS: a plot of
he relative area of each of the seven kalata B1 proteins identified in N. benthamiana
eaves 2 dpi (white), 3 dpi (grey) and 4 dpi (black) of the kalata B1 precursor con-
truct. Labelling of cyclotide species is the same as in Fig. 5. Asterisks indicate that
he isotopic cluster of that peptide species could not be detected above S/N of 5:1 in
ll four replicates.
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ver time [17]. The increase in the total relative area of all cyclotide
pecies over the 2–4 dpi period also highlights that the trimming
rocess occurs against a background of overall increasing cyclotide
rotein accumulation, consistent with increasing precursor protein
xpression over this time (data not shown). This overall increase in
eptide production could not be confirmed without reference to
n internal standard to normalise the data. The changes observed
epresent only very small increments in the amount of protein
femtomole), which could not be readily discerned using less sen-
itive techniques. At higher concentrations, where the relative area
f the analyte exceeds the range observed in the N. benthamiana
alibration curve (Fig. 5c) the data are less accurate but still indica-
ive of overall increases in peptide concentration. The quantitative
ata suggested that the kalata B1 precursor was being processed
ore slowly or was being mis-processed in N. benthamiana. Aber-

ant processing of kalata B1 was confirmed by analysing the relative
bundance of the different cyclotide species produced in N. ben-
hamiana, which were shown to increase at a much faster rate than
he circular peptide.

.7. Applicability of the approach

A number of methods employ mass spectrometry for protein
uantification. The most common of these, such as ICAT, iTRAQ and
QUA, use chemically indistinguishable tags to change the mass of
protein and are designed to minimise variations in protein ion-

sation efficiencies. The procedure used for the quantification of
yclotides has certain of advantages over other MS quantification
echniques. Most importantly, it does not require the often exten-
ive sample preparation and fractionation involved in analysing
abelled protein populations, such as 2-DG and liquid chromatog-
aphy, which can exclude peptides. It is also a label-free approach
nd avoids the error associated with differential labelling efficien-
ies and side reactions. Furthermore, because a mixture of proteins
s used for calibration, the technique is potentially applicable to

ultiple proteins in a sample at one time and does not require a
igh investment in the production of specific internal standards.
he need to establish a direct correlation between the internal
tandard and the analyte does, however, disadvantage the method
elative to the use of internal standards that are chemically identical
o the analyte and therefore have the same ionisation proper-
ies. For relative quantification of similar proteins to kalata B1 it
s probably not necessary to produce a separate standard curve
or each of the proteins in a mixture, as within an approximately
kDa (<30% of analyte molecular weight) range, the relationship
etween the internal standard and the analyte did not vary signif-

cantly.

. Conclusions

The results presented here demonstrate that MALDI-TOF MS
an serve as a viable approach for the detection and quantifica-
ion of peptides from heterogenous mixtures that would otherwise
e difficult to analyse by standard proteomic methods. The simple
rocedure outlined here used an internal standard that is similar to
he peptide of interest in mass but structurally unrelated to it. This
llowed the analysis of cyclotide production in both endogenous
nd transgenic contexts and provided a reliable means of address-
ng questions about the novel biosynthesis of circular peptides. The

bility to monitor processing events at high sensitivity (femtomole)
rovides a platform for future analysis of cyclotide function and
iosynthesis under different external treatments that was previ-
usly not accessible to biochemical analysis. Given the apparent
ase of the approach and its potential for the concomitant analysis
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