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Abstract

A rapid method has been developed for the quantification of the prototypic cyclotide kalata B1 in water and plasma utilizing matrix-assisted
laser desorption ionisation time-of-flight (MALDI-TOF) mass spectrometry. The unusual structure of the cyclotides means that they do not
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onise as readily as linear peptides and as a result of their low ionisation efficiency, traditional LC/MS analyses were not able to reac
f detection required for the quantification of cyclotides in plasma for pharmacokinetic studies. MALDI-TOF-MS analysis showed
R2 > 0.99) in the concentration range 0.05–10�g/mL with a limit of detection of 0.05�g/mL (9 fmol) in plasma. This paper highlights t
pplicability of MALDI-TOF mass spectrometry for the rapid and sensitive quantification of peptides in biological samples without

or extensive extraction procedures.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The cyclotides[1] are a large family of head-to-tail macro-
yclic peptides (∼30 amino acids in length) that have excep-
ional stability. The prototypic member of the family was
rst discovered on the basis of native medicine applications
n Africa. A Red Cross worker observed women of the Lulua
ribe utilizing the medicinal properties of a native plantOld-
nlandia affinis, locally referred to as “kalata kalata”[2,3].
ffects of drinking a tea made from the leaves of the plant

ncluded the acceleration of uterine contractions and child-
irth. The preparation by boiling and the oral administration

Abbreviations: kB1, kalata B1; kB2, kalata B2; HPLC, high-
erformance liquid chromatography; LC/MS, liquid chromatography mass
pectrometry; MALDI, matrix assisted laser desorption ionisation; TOF,
ime-of-flight
∗ Corresponding author. Tel.: +61 7 3346 2019; fax: +61 7 3346 2029.
E-mail address:d.craik@imb.uq.edu.au (D.J. Craik).

suggested that the active ingredient was both bioavai
and thermally stable. The peptide kalata B1 (kB1) was
lated and noted to be responsible for the activity[3]. Initial
attempts to sequence this unusual peptide proved unsu
ful owing to apparently blocked N- and C-termini. It w
later discovered[4] that kalata B1 is just one member o
large family of peptides that contain a head-to-tail cycli
backbone and were named the cyclotides[1]. As a result o
their unusual structures, they are resistant to sequencing
Edman degradation or tandem mass spectrometry[5]. As
there are no termini and the molecules lack charged resi
the ionisation efficiency is lower than that of typical pepti
of similar molecular weight and size.

Fig. 1 shows the structure of kalata B1 and its am
acid sequence. The cyclotides contain three disulfide b
which occupy the molecular core, resulting in the exclusio
hydrophobic residues, which instead form a surface-exp
hydrophobic patch that results in unusually long reten
times when examined by reversed phase high-perform
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Fig. 1. Amino acid sequence and three-dimensional structure of kalata B1.
The six conserved Cys residues are numbered with Roman numerals and the
backbone loops between Cys residues are numbered 1–6. The structure of
kalata B1 shows the cyclic cystine knot motif and the three disulfide bonds
that occupy the core of the molecule. The internal standard kalata B2 differs
from kalata B1 by five point mutations denoted in bold as follows: V6F,
T16S, S18D, V21I and N25D.

liquid chromatography (HPLC). The disulfide bonds are
arranged in a cyclic cystine knot motif[5,6]. In this motif an
embedded ring in the structure, formed by two disulfide bonds
and their connecting backbone segments, is penetrated by
the third disulfide bond. Owing to this stable framework, the
cyclotides are extremely resistant to enzymatic breakdown
and are exciting candidates for drug design and development
[4,7]. To utilize the cyclotide framework in medicinal appli-
cations, it is necessary to understand the pharmacokinetics
of the parent molecules. We have already demonstrated their
stability toward enzymes in the blood and digestive system
[8], but processes such as drug elimination, excretion and
metabolism need to be explored to assess the viability of a
drug in vivo. To this end, a method for detecting and quanti-
fying the cyclotides in plasma was required.

Since its introduction in 1988[9,10], matrix-assisted
laser desorption ionisation time-of-flight mass spectrome-
try (MALDI-TOF-MS) has been utilized extensively for
the identification and molecular weight determination of a
wide range of biological molecules, including natural prod-
ucts as well as synthetic molecules. MALDI has the ability
to generate intact gas-phase ions of large, thermally labile
biomolecules by desorption/ionisation from crystals com-
prised of a mixture of the matrix (small, volatile molecules)
and the biomolecule. MALDI-TOF-MS has also become
a valuable tool in peptide mapping and the sequencing of

biopolymers[11]. Electrospray ionisation is susceptible to
ion suppression effects, which render direct analysis of com-
plex mixtures difficult as the presence of salts and other
components can significantly decrease sensitivity. MALDI is
extremely sensitive in being able to detect femtomole (fmol)
levels of peptide. The MALDI process is more tolerant to the
presence of buffers and salts and is able to analyse samples
containing multiple biomolecular species.

The general application of MALDI for quantification was
initially rejected owing to a number of factors. Significant
variations in the ion signals resulting from consecutive laser
shots at the same position within a spot, as well as from differ-
ent positions on a given spot (known as “shot-to-shot” repro-
ducibility) are seen, along with differences observed between
sample spots (“sample-to-sample” reproducibility). These
variations may be due to inhomogeneous co-crystallisation
of matrix and sample molecules, or to fluctuations in laser
power, and/or changes in detector response[12,13]. Recently,
the application of MALDI for quantification has received
attention as an alternative to current quantification method-
ologies. Applications include quantification of amino acids
[14], lipids [15], natural products from food sources[16,17],
small organics[13,18], antibiotics[19], oligonucleotides[20]
and proteins and peptides[21–24].

The goal of the present study was to develop a robust
method to allow the quantification of cyclotides in plasma
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or pharmacokinetic studies. To do so, it was necessa
nvestigate the potential of MALDI-TOF-MS for accura
recise and reproducible quantification of macrocyclic

ides in rat plasma. This study describes a method fo
ccurate quantification of cyclotides within biological flu
ith rapid and simple sample preparation.

. Experimental

.1. Materials and methods

.1.1. Extraction and purification of cyclotides
Native kalata B1[5] and kalata B2[25] were isolated

rom O. affinis. Fresh plant material (500 g) was grou
nd extracted with 50/50 (v/v) CH2Cl2/MeOH and the crud
xtract was partially purified by reversed phase flash c
atography, yielding a fraction containing predomina

yclotides (5 g). This sample was purified further by prep
ive reversed phase HPLC to yield pure kalata B1 (∼125 mg)
nd kalata B2 (∼100 mg) as described previously[1].

.1.2. Standard calibration solution preparation
Peptide solutions were prepared by dissolving 1 m

urified peptide in 1 mL of Milli Q H2O and accuratel
etermining the concentration via UV analysis at 280
ε = 6050 M−1 cm−1). The 50�g/mL stock solutions o
alata B1 and kalata B2 were prepared in Milli Q H2O.
rom these solutions, sets of 10 standard solutions con

ng 1�g/mL kalata B2 as the internal standard and var



M.L. Colgrave et al. / J. Chromatogr. A 1091 (2005) 187–193 189

amounts of kalata B1 (0.01–10�g/mL) were prepared in
either water or in plasma.

2.1.3. Dosing of rats and sample analysis
Rats were fasted overnight with free access to water.

Anaesthetised rats were administered an intravenous (I.V.)
dose of 3 mg/kg of peptide via the femoral vein over a
2 min period. Blood samples were obtained over a 3 h period.
Approximately 300�L of blood was collected from the tip
of the tail into an eppendorff tube containing 30�L of
500 IU/mL heparin. After centrifugation, 100�L of serum
was removed from each sample and stored at−20◦C until
analysis.

Calibration solutions and plasma samples obtained from
male Sprague–Dawley rats after intravenous injection dosing
were treated as follows: 50–100�L of plasma was taken and
an appropriate amount of internal standard was added to yield
1�g/mL kalata B2. A two-fold excess of acetonitrile was
added to cause large proteins to precipitate out of solution.
The solutions were then mixed and centrifuged at 14,000 rpm
for 10 min. The supernatant was removed and used for mass
spectrometric analysis.

2.2. Instrumentation

2.2.1. Liquid chromatography/mass spectrometry
(
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used in which 20 positions on the MALDI spot were sam-
pled and 100 shots per position were averaged giving 2000
shots total to yield representative spectra. The MALDI-TOF-
MS was operated in positive ion reflector mode. The laser
intensity was set to 2300, the accelerating voltage was set
to 20,000 V; the grid voltage set to 64% of the accelerat-
ing voltage and the delay time was 165 ns. The low mass
gate was set to 500 Da. Data were collected between 2500
and 3500 Da. Calibration was undertaken using a peptide
mixture obtained from Sigma–Aldrich (MSCal1). The mix-
ture contained bradykinin, P14R, ACTH fragment 18–39 and
insulin B chain. Data acquisition was performed using Voy-
ager Instrument Control Panel v5.10 and analysed using
Voyager Data Explorer v4.0 software.

2.3. Statistics and method validation

Calibration curves were constructed from the peak area
ratios (LC/MS) or summed peak area ratios (MALDI) of
the analyte to the internal standard versus the theoretical
concentrations. Linear regression analysis of the standard
curves and calculation of peptide concentration in rat plasma
samples was undertaken using GraphPad Prism. Unknown
sample concentrations were calculated using linear equa-
tions (y=mx+b) fitted for the calibration curves, wherey
is the relative area (analyte/IS) andx is the concentration
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LC/MS)
The standard calibration solutions and treated sam

rom the plasma stability studies were monitored by LC/
n an HP 1100 Series HPLC (Agilent Technologies) c
led to a QStar Pulsar mass spectrometer (Applied Bio

ems) equipped with an electrospray ionisation (ESI) so
orty microliters of supernatant that had been diluted 1
ater following treatment was injected onto a Phenom
18 column (150 mm× 2.1 mm I.D., 5�m) protected with
henomenex precolumn 0.5�m filter utilizing a fast (20%
radient and high (400�L/min) flowrate at 60◦C column

emperature. A gradient of 5–100% acetonitrile (0.1% for
cid) was utilized to elute the peptides, which were m

ored by online electrospray mass spectrometry. The LC
irectly interfaced to the mass spectrometer. The cap
oltage and cone voltage were 5300 and 30 V, respect
ata acquisition and analysis were performed using the

yst QS v1.0 software.

.2.2. Matrix-assisted laser desorption ionisation
ime-of-flight MS (MALDI-TOF-MS)

0.5�L of the supernatant was mixed with 0.5�L of
he matrix consisting of a saturated solution of�-cyano-4-
ydroxycinnamic acid (CHCA) in 50% acetonitrile (0.05

ormic acid) and mixed thoroughly. 0.5�L of the mixture
as spotted onto a 2× 96 spot plate and was dried und
gentle stream of nitrogen gas at room temperature

olutions were analyzed by MALDI-TOF mass spectrom
n a Voyager DE-STR mass spectrometer (Applied Bio

ems). A spiral pattern for automated sample acquisition
f analyte. The precision of the method was determine
eplicate analyses (n= 3) of plasma samples containing kal
1 at different concentrations within the calibration ra
nd presented as the standard deviation (SD). The acc
f the method was expressed as (mean calculated co

ration)/(spiked concentration)× 100. The limit of detectio
LOD) was defined as the lowest sample concentration
ould be detected (S/N > 3). The recovery of kalata B1
ts internal standard kalata B2 was determined by com
ng the relative peak area of the analyte/IS extracted
lasma to those of standards prepared in water. The r
ere obtained from a range of concentrations and the
ges were taken as mean recoveries.

. Results and discussion

Existing methods utilized for the quantification of pepti
n biological fluids are typically time consuming and requ
xtensive sample preparation and in the case of macro
eptides such as the cyclotides are limited by ionisa
fficiency. MALDI-TOF-MS provides a direct method f
nalysis of complex mixtures and shows improved sen

ty over LC/MS analysis (9 fmol compared to 7 pmol). In
ast it has not been favoured for quantification applicat
ut the approach developed here shows that MALDI is
uitable for the quantitation of peptides in biological flu
n the current study the prototypic cyclotide, kalata B1,
sed as the analyte and kalata B2 was selected as the in
tandard.



190 M.L. Colgrave et al. / J. Chromatogr. A 1091 (2005) 187–193

3.1. Preparation of calibration curves

A series of standards were prepared by spiking plasma
with kalata B1 and adding a known amount of internal stan-
dard, kalata B2, followed by protein precipitation using a
two-fold excess of organic solvent (acetonitrile) and centrifu-
gation. Kalata B2 (MW = 2954) was selected as the internal
standard as it has similar chemical properties but is distinct
from kalata B1 (MW = 2890) in both retention time by HPLC
and mass. Kalata B2 contains five point mutations, as shown
in Fig. 1, resulting in the peptide being more hydrophobic
than kalata B1. Initially, the calibration solutions were anal-
ysed by LC/MS using a C18 reversed phase column. A 1:1
dilution of the supernatant yielded a final acetonitrile per-
centage of∼30%, which was low enough to ensure that
the peptides were retained on the column. Ions of interest
(doubly-protonated ions) were extracted using the software
and the resulting peaks were integrated for peak intensity and
area.

Fig. 2 shows the chromatograms and electrospray mass
spectra of the 1�g/mL standard. A number of other peptides
were also present in the plasma, as shown in the total ion chro-
matogram (Fig. 2A). Fig. 2B and C show the ion-extracted
chromatograms for the analyte, kalata B1 (m/z 1446–1449)
and the internal standard, kalata B2 (m/z1477–1480). Single
peaks with retention times of 7.20 and 7.67 min, respectively
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Fig. 2. LC/MS analysis of the standard calibration solutions: total ion chro-
matogram of the 1�g/mL standard (A) and the individual ion-extracted
chromatograms and electrospray ionisation mass spectra for the kalata B1
analyte (m/z 1446–1449, B) and for the kalata B2 internal standard (m/z
1477–1480, C). The LC/MS calibration curve for the plasma standards
between 0.5 and 25�g/ml (D).
how the presence of these species within the sample
ass spectra resulting from the average of all scans o

on extracted peaks are shown as insets toFig. 2B and C
ig. 2D shows the calibration curve achieved using LC/M
ssays were linear (R2 > 0.99) in the concentration ran
.5–25�g/mL. However, the LC/MS method could only p
ide a limit of detection (LOD) of 0.5�g/mL (6.9 pmol) in
lasma, which was not sensitive enough for in vivo phar
okinetic studies, where an LOD of 0.05�g/mL was required
herefore, an alternate method for analysis was require
ALDI-TOF-MS was investigated for its use in quantific

ion.
Fig. 3A shows the mass spectrum resulting from MAL

nalysis of the 1�g/mL standard.Fig. 3B shows the MALDI
ass spectrum resulting from the analysis of a plasma b

.e. containing no analyte material, whileFig. 3C shows
he MALDI mass spectrum of the lowest concentra
0.05�g/mL; 8.7 fmol) plasma standard able to be analy
ia this method. The signal-to-noise (S/N) ratio is appr
ately 3:1. Below this concentration, although observa

he analyte material was not significantly distinguisha
rom the background noise. In all samples, the13C isotopes
re clearly resolved. The areas of the first five isotope p

or the species of interest were summed and compar
he summed areas of the internal standard peaks to yie
alibration curve as shown inFig. 3D. Each datapoint rep
esents the mean value from three replicates and sta
eviations for the measurements are indicated by the
ars. Calibration curves were also prepared using mea
ent of the maximum signal intensity (not shown). Lin
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Fig. 3. MALDI-TOF mass spectrum from the analysis of: the 1�g/mL stan-
dard calibration solution (A); a treated plasma blank showing only internal
standard (B); and the 0.05�g/ml standard showing a signal-to-noise ratio
of >3:1 (C). The MALDI-TOF calibration curve for kalata B1 (D) using the
relative sum of the peak area of kB1 over kB2.

regression analysis of peak area and signal intensity revealed
a linear relationship over two orders of magnitude between
0.05 and 10�g/mL, resulting in anR2 of 0.9995 for peak area
ratios and 0.9931 for signal intensity ratios. Above concen-
trations of 10�g/mL, detector saturation was observed and
the samples did not behave linearly. Dilution of the samples
containing high concentrations of analyte overcame the prob-
lems with detector saturation and these samples then gave a
linear response.

3.2. Method development and optimisation

The robustness of the protein precipitation step was
assessed by measuring the recovery of peptides in plasma
compared to water. The standards were prepared and treated
in an identical manner to the plasma standards. Six concentra-
tions ranging between 0.5 and 10�g/mL within the LC/MS
calibration curve were analysed. Recovery was between 93
and 130% for the six concentrations tested, with an average
recovery of 112± 15%. The protein precipitation step was
sufficient to remove most of the larger proteins while leaving
the analyte and internal standard in solution.

Internal standards are usually applied to compensate for
systematic and statistical errors during analysis. The use of an
internal standard usually improves the accuracy of calibration
curves and the use of isotopically labelled analogues of the
a com-
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nalytes has provided the most precise results for small
ounds, with correlation coefficients better than 0.95[26–28].
hese compounds should be chemically very similar to
nalytes and for this reason kalata B2 was used as the in
tandard and was used consistently at the same concen
∼0.34�M; ∼170 fmol).

The MALDI data acquisition method employed in wh
0 positions on each target spot were summed and ave

o yield representative spectra gave excellent linearity
he 0.05–10�g/mL concentration range with femtomole s
itivity. This method eliminates problems associated
ignal degradation that have been shown to occur over
29]. Standard curves prepared gaveR2 values >0.97 for eac
ndividual curve and when prepared using the average of
icate measurements gave anR2 of >0.99.

Recent developments in sample preparation techni
uch as the use of fast evaporation surfaces, have led to g
ass accuracy and improved resolution[30]. Many varia-

ions in sample preparation techniques have been exami
roduce uniform crystal layers of homogeneous co-crys
ulticomponent matrices were investigated and reporte

upply uniform crystal types resulting in improved spec
eproducibility[29,31]. In the current study, a range of diffe
nt sample preparation conditions was investigated to o
niform crystal layers of homogeneous co-crystals. T
atrix solutions were assessed: CHCA, sinapinic acid
nd 2,5-dihydroxybenzoic acid (DHB). The first of these
etermined to be optimal for the cyclotide samples (data
hown) based on improved sensitivity, uniformity of cry
overage of target area, resolution and mass accuracy of
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of interest. Pre-mixing of the plasma solutions with the matrix
prior to spotting and accelerated drying under a gentle stream
of nitrogen gas was observed to improve the crystallization
homogeneity as seen under a microscope (data not shown).
The fast evaporation technique has been used to generate
uniform crystals and is based on the use of volatile solvents
such as acetone, ethanol or methanol, that are evaporated by
gentle blowing after application[31,32]. Alternatively, rapid
removal of the solvent can be induced by a stream of high-
purity nitrogen (‘accelerated drying’)[29] or under vacuum
[19]. In both of these methods, the solution of sample and
matrix are mixed and moved during the drying process, lead-
ing to small, evenly distributed crystals. In this work, it was
found that matrix selection and application methods were
critical to the production of uniform co-crystals and that the
data acquisition method overcame problems of poor spot-to-
spot reproducibility and signal degradation.

3.3. Application: intravenous dosing of rats

Using this technique, the amount of kalata B1 present in
the blood after intravenous dosing of male Sprague–Dawley
rats was determined at several time points allowing the gener-
ation of elimination curves for the prototypic cyclotide, kalata

F
D
l

B1. The signal response area ratios of analyte to internal stan-
dard for the samples from the intravenous dosing of the rats
were converted to concentrations using the equations derived
from the spiked standard concentration curves.Fig. 4shows
the curve for the amount of kalata B1 detected in the blood
after intravenous dosing at 3 mg/kg. The level increases dra-
matically over the first 5 min and then decreases in a roughly
exponential manner as the peptide is degraded or excreted.
The urine of the rats was analysed for the presence of kalata
B1 or degradation products. A single peak corresponding to
unmodified kalata B1 was observed. The elimination half-life
in blood was determined to be approximately 33 min from
analysis of the linear portion of the plot of the logarithm of
the peptide concentration versus time.

4. Conclusions

This study has demonstrated the applicability of MALDI-
TOF-MS to the rapid, precise and sensitive quantification
of peptides in plasma. This method differs from previously
described approaches in that a unique data acquisition method
has been utilized, which overcomes problems associated with
poor spot-to-spot reproducibility and signal degradation. The
dynamic range of the calibration curves extended at least
t
( -
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d essor
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m tion
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v. 5
ig. 4. Elimination curve following intravenous dosing of male Sprague–
awley rats at 3 mg/kg (A) and log scale for calculation of elimination half-

ife from equation: log[C] = −0.009001t+ 1.280;R2 = 0.9866 (B).

Nor-
wo orders of magnitude with detection limits of 0.05�g/mL
9 fmol) compared to 0.5�g/mL (7 pmol) for LC/MS analy
es of plasma standards. In addition to the greater sen
ty achieved, the analysis time was decreased 10-fold.

ethod has been applied to the analysis of plasma sa
rom pharmacokinetic studies.
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