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a b s t r a c t

The aim of the study was to comprehensively characterize different honeybee venom samples applying
two complementary mass spectrometry methods. 41 honeybee venom samples of different bee strains,
country of origin (Poland, Georgia, and Estonia), year and season of the venom collection were analyzed
using MALDI-TOF and nanoESI-QqTOF-MS.

It was possible to obtain semi-quantitative data for 12 different components in selected honeybee
venom samples using MALDI-TOF method without further sophisticated and time consuming sample
pretreatment. Statistical analysis (ANOVA) has shown that there are qualitative and quantitative differ-
ences in the composition between honeybee venom samples collected over different years. It has also
SI
ass spectrometry

tandardization

been demonstrated that MALDI-TOF spectra can be used as a “protein fingerprint” of honeybee venom
in order to confirm the identity of the product.

NanoESI-QqTOF-MS was applied especially for identification purposes. Using this technique 16 pep-
tide sequences were identified, including melittin (12 different breakdown products and precursors),
apamine, mast cell degranulating peptide and secapin. Moreover, the significant achievement of this study
is the fact that the new peptide (HTGAVLAGV + Amidated (C-term), Mr = 822.53 Da) has been discovered

time
in bee venom for the first

. Introduction

Honeybee venom possesses diverse biological and pharmaco-
ogical activities [1]. Its effectiveness has been demonstrated in
reating pathological conditions such as arthritis [2], rheumatism,
ain [3,4], cancerous tumors [5,6], and skin diseases. However,
ecause bee venom is a toxin, a comprehensive information
bout its toxicology, side effects and chemical composition is
eeded in order to develop pharmaceutical formulations for its
afe administration. On the European and global markets there are
ome registered pharmaceutical formulations with crude honey-
ee venom (Forapin, Germany; Virapin, Slovakia; Apiven, France;
elivenon, Bulgaria; Apifor, Russia) [7]. On the other hand, hon-

ybee venom is used in venom immunotherapy. In both cases
he standardization of the product is required. There are two
pproaches for standardization of complex natural products. If

he pharmacological activity of the standardized product can be
ttributed to known constituents, they have to be quantified using
ppropriate method. If not all the active compounds are known
r pharmacological activity of the product is caused by synergis-
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tic effect of all its constituents, some marker compounds must be
used for standardization purposes [8]. Since honeybee venom is
a very complex mixture of chemical compounds which are still
not sufficiently characterized, analyzing marker compounds seems
to be necessary. Unfortunately, there are still no uniform guide-
lines for honeybee venom standardization. There are only general
methods to standardize allergen composition for preparations
used in desensitization. These methods include: high performance
liquid chromatography (HPLC) and high performance capillary
electrophoresis (HPCE) to quantify the content of main proteins
[9–11]; enzyme-linked immunosorbent assay (ELISA) inhibition
to determine total allergenic potency [12]; sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and SDS-PAGE
immunoblot to qualitatively analyze the total protein and IgE-
binding components [13,14].

Honeybee venom has been intensively studied in the past
and currently it is still subjected to modern venom profiling
studies. Various analytical techniques for characterizing the prop-
erties of bee venom have been described in the literature: UV

and IR spectroscopy [15,16], spectrofluorimetry [17], 1H NMR
spectroscopy [18,19], differential scanning calorimetry (DSC) [20],
inductively coupled plasma mass spectrometry (ICP-MS) [21], high
performance liquid chromatography (HPLC) [10,22–25], and high
performance capillary electrophoresis (HPCE) [10,11,26]. Separa-
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ion techniques such as HPLC and HPCE with typical detectors like
iode array detector (DAD) or fluorimetric detector (FLD) allow the
nalysis of no more than several honeybee venom constituents dur-
ng a single experiment. However, bee venom is a very complex

ixture and, hence, these methods can be insufficient for compre-
ensive characterization of this substance. This contrasts sharply
ith versatile and powerful mass spectrometric techniques, which

an be used for determining many peptides or other compounds
uring a single experiment.

Mass spectrometry has become an indispensable tool for ana-
yzing complex biological samples such as protein and peptide

ixtures as a result of the development of the two soft ionization
ethods, MALDI (matrix-assisted laser desorption/ionization) and

SI (electrospray ionization) [27–30]. Most classical mass spectro-
etric protocols described for the analyses of honeybee venom go

long with the employment of chromatographic techniques such as
PLC or two-dimensional gel electrophoresis (2-DE) [31,32]. These
yphenated techniques offer comprehensive results, especially
hen used for identification purposes. However, these methods

re sample and time consuming when compared to direct analy-
is using matrix-assisted laser desorption/ionization time-of-flight
ass spectrometry (MALDI-TOF-MS) or static nanoelectrospray

uadrupole time-of-flight mass spectrometry (nanoESI-QqTOF-
S). The advantages of MALDI include high sensitivity, high speed

f analysis, robustness, and the prevalence of singly charged
ons [33]. For technical reasons MALDI is unsuitable for absolute
uantitation purposes, but it has the potential of providing semi-
uantitative information [34]. Furthermore, the measurement of

ndividual samples can be easily automated and adapted for higher
hroughput with the use of MALDI as ionization method. The
esults from MALDI measurements compared to those from ESI are
ften complementary and thus applying both techniques in parallel
llows a more comprehensive analysis of the samples. Therefore,
e decided to use these two techniques to analyze different hon-

ybee venom samples in order to characterize them conducting
oth qualitative and semi-quantitative analysis. This approach was
o provide valuable information about the differences in the com-
osition of honeybee venom samples from different strains of the
ees, origin, year and season of the venom collection. Statistical
valuation of the obtained data was to determine the factors which
nfluence the composition of the analyzed samples. Moreover, the
esults from direct honeybee venom analysis by MALDI-TOF-MS
ould be used as “fingerprints” of the product and therefore useful
or bee venom standardization.

. Experimental

.1. Reagents and materials

Acetonitrile (ACN) of HPLC grade was supplied by Merck (Darm-
tadt, Germany), trifluoroacetic acid (TFA) of analytical grade
as purchased from Fluka (Buchs, Switzerland) and the water
sed was doubly distilled. 3,5-Dimethoxy-4-hydroxycinnamic acid
sinapinic acid) and �-cyano-4-hydroxycinnamic acid (CHCA) were
btained from Sigma–Aldrich (Steinheim, Germany). Glucagon-
ike peptide-1-(7-36) (GLP) was synthesized and purified in-house.
ithiothreitol (DTT) was obtained from Sigma Chemicals Co. (St.
ouis, MO, USA). The membrane filters (0.45 �m pore size) were
urchased from Agilent (Palo Alto, CA, USA).

Samples of honeybee venom were collected from an apiary of

he Department of Inorganic and Analytical Chemistry, Poznan Uni-
ersity of Medical Sciences by stimulating the bees with electric
urrent pulses. Venom-collecting frames were placed in the upper
ody of the hive in the middle space of the hive super. The dura-
ion of the venom-collecting event was 2 h during full activity of
Biomedical Analysis 54 (2011) 273–278

bees. Such schedule allowed obtaining the highest efficiency of bee
venom production. 28 samples were obtained from 2002 to 2007
during the whole beekeeping seasons from May until September.
In 2006 and 2007, bee venom was collected from two different
strains of Apis mellifera carnica (niemka – I strain, singer – II strain).
Moreover, three archival samples were from 1991 (source: Geor-
gia) and eight archival samples from 1995 (source: Poland) (the
archival samples were supplied by the Department of Pharma-
cology and Biotechnology, Research Institute of Medicinal Plants,
Poznan, Poland). Additionally, one bee venom sample (source: Esto-
nia) was purchased from Sigma Chemicals Co. All samples were
stored until analysis at 5 ◦C in darkness.

Due to the fact that there are insufficient data about honeybee
venom stability in aqueous solutions in different storage tempera-
tures, all the analyzed bee venom samples used in this study were
freshly prepared.

2.2. MALDI-TOF-MS

MALDI experiments were carried out with delayed extrac-
tion time-of-flight mass spectrometer Voyager-DE PRO (AB Sciex,
Weiterstadt, Germany) equipped with a pulsed nitrogen laser
(� = 337 nm, 3 ns pulse width, 20 Hz repetition rate). Two standard
matrix systems were used in parallel: a solution of 10 mg mL−1 of �-
cyano-4-hydroxycinnamic acid (CHCA) in ACN/0.1% TFA (1:1, v/v)
and 20 mg mL−1 of sinapinic acid in the same solvent system. The
honeybee venom solutions were prepared by dissolving 5 mg of the
product in 1 mL of doubly distilled water. The samples were vor-
texed for 1 min followed by sonication for 10 min and then filtered.
Then the internal standard (GLP) was added to a final concentration
of 0.2 �g �L−1. Bee venom solutions were mixed with the matrix
solutions 1:10 (v/v). 1 �L of the resulting mixture was loaded on
each spot of the sample plate. The samples were dried in a gentle
stream of air (∼35 ◦C).

Semi-quantitative analyses were performed in the positive ion
linear mode by accumulating data from 500 laser shots for each
spectrum. Mass spectra were acquired between m/z 750 and m/z
15000. Each measurement was carried out in triplicate. The instru-
ment was calibrated using Calibration Mixture 2 of the Sequazyme
Peptide Standards Kit (AB Sciex). The typical operating conditions
for the mass spectrometer were as follows: acceleration voltage,
20 kV; grid voltage, 94%; guide wire voltage, 0.05% and extraction
delay time, 300 ns. A low mass gate was set to m/z 750 to prevent
detector saturation from matrix peaks. For semi-quantitative anal-
ysis 12 peptides were chosen and their intensities related to the
internal standard intensity were calculated.

Furthermore, in order to achieve higher mass accuracy and bet-
ter resolution the positive ion reflector mode was applied at 20 kV
acceleration voltage, grid voltage set to 80%, 0.002% guide wire
voltage and an extraction delay time of 400 ns. The low mass gate
was set to 600 Da and analyses were performed in the mass range
between 600 Da and 8000 Da. Survey spectra of the samples were
obtained by accumulating data from 500 to 1000 laser shots.

The control of the instrument, data acquisition, and data evalua-
tion were performed using Voyager Control Panel and Data Explorer
software (AB Sciex).

2.3. NanoESI-QqTOF-MS

Static nanoESI experiments were conducted on a QqTOF

mass spectrometer Q-TOF-2 (Waters/Micromass, Manchester, UK)
equipped with a nanoESI Z-Spray source. The nanoESI glass capillar-
ies were obtained precoated from DNU-MS (Berlin, Germany). The
TOF analyzer was calibrated externally using a mixture of sodium
iodide and cesium iodide.
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Table 1
Semi-quantitative results of MALDI-TOF-MS of selected peptides (intensities in arbitrary units) in different honeybee venom samples. Min and max values refer to different
months of bee venom collection.

Ordinal
number

Monoisotopic
peptide
mass (Da)

1991 (Georgia) 1995 2002 2005 2006 bee
strain I

2006 bee
strain II

2007 bee
strain I

2007 bee
strain II

Sigma
(Estonia)

1 2844.81 3.10–3.27 2.53–4.41 2.65–3.56 2.63–7.71 2.30–3.48 3.00–5.18 2.97–5.58 3.69–5.77 2.39
2 2859.84 0.07–0.12 0.05–0.16 0.00–0.05 0.00–0.04 0.03–0.09 0.00–0.08 0.00–0.08 0.00–0.04 0.05
3 2872.83 0.11–0.16 0.04–0.52 0.00–0.04 0.00 0.00–0.08 0.00–0.05 0.00–0.03 0.00 0.10
4 2886.80 0.03–0.06 0.00–0.20 0.00–0.14 0.00 0.00 0.00 0.00 0.00 0.10
5 2901.81 0.04–0.13 0.05–0.22 0.04–0.14 0.00–0.27 0.05–0.14 0.00–0.09 0.05–0.16 0.06–0.15 0.08
6 2941.14 0.07–0.12 0.04–0.13 0.08–0.15 0.12–0.20 0.09–0.13 0.11–0.21 0.14–0.18 0.14–0.16 0.12
7 2952.84 0.04–0.11 0.03–0.27 0.00–0.27 0.00–0.03 0.00–0.05 0.00 0.00 0.00 0.05
8 3006.84 0.33–0.67 0.00–0.65 0.20–0.88 0.20–0.59 0.29–0.55 0.00–0.44 0.17–0.49 0.29–0.37 0.35
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9 3018.81 0.34–0.47 0.30–1.40 0.09–0.25 0.
10 3050.87 0.12–0.21 0.05–0.30 0.03–0.16 0.
11 3068.87 0.09–0.11 0.05–0.12 0.08–0.11 0.
12 3643.12 0.04–0.15 0.02–0.18 0.03–0.09 0.

For nanoESI analyses 1 mg of honeybee venom was dissolved in
mL of water with addition of 2.5% dithiothreitol (DTT) to reduce
isulphide bonds in the peptides. Two microliters of the sam-
le solution was loaded into the nanoESI glass capillaries using
icroloader pipette tips (Eppendorf, Hamburg, Germany).
The typical operating conditions for the QqTOF mass spectrom-

ter were as follows: capillary voltage, 900 V; sample cone voltage,
5 V; source temperature, 80 ◦C. The instrument was operated in
he positive ion mode. Full scans were performed over the m/z
ange of 200–2500. Peptides of interest were selected manually for
andem MS experiments using collision-induced dissociation (CID)
ith argon as collision gas. The quadrupole mass filter was adjusted
ith low mass (LM) and high mass (HM) resolution settings of 10

arbitrary units) and the CID collision energy was varied depending
n charge state and mass-to-charge ratio between 20 eV and 60 eV.

.4. Peptide sequencing

The fragment ion spectra obtained from the MALDI-PSD
easurements were processed using Mascot Distiller (Matrix Sci-
nce, London, UK). Mass spectra and tandem mass spectra of
he nanoESI-QqTOF were analyzed by MassLynx (version 4.0,

aters/Micromass). The tandem MS spectra were subsequently
rocessed by the MassLynx add-on Maximum Entropy 3 (Max-
nt3), and converted into PKL files, which were suitable for further

able 2
eptides identified by nanoESI-QqTOF-MS analysis conducted on representative honeybe

Protein name Experimental
mass (Da)

Calculated
mass (Da)

Mascot ion
score

Melittin (honeybee), 44–52 868.51 868.57 56
Melittin (honeybee), 61–69 1227.68 1227.73 33
Melittin (honeybee), 59–69 1453.76 1453.90 58
Melittin (honeybee), 57–69 1621.82 1621.99 76
Melittin (honeybee), 48–69 2546.63 2546.59 117
Melittin (honeybee), 46–69 2674.71 2674.65 135
Melittin (honeybee), 44–69 2844.55 2844.75 125
Melittin precursor (honeybee),

36–69
3643.19 3643.06 136

Melittin precursor (honeybee),
32–69

4025.33 4025.21 96

Melittin precursor (honeybee),
24–69

4871.34 4871.58 64

Apamine precursor
(honeybee), 28–45

2029.91 2029.92 56

Mast cell degranulating
peptide precursor
(honeybee), 28–49

2589.56 2589.42 39

Secapin precursor – honeybee 2866.49 2866.58 38
ORF for hypothetical protein –

honeybee
822.53 822.47 32
11 0.12–0.27 0.15–0.23 0.13–0.37 0.11–0.24 0.22
22 0.08–0.19 0.15–0.29 0.08–0.20 0.13–0.25 0.12
22 0.08–0.10 0.09–0.13 0.08–0.16 0.11–0.16 0.07
12 0.07–0.09 0.05–0.09 0.04–0.09 0.06–0.11 0.07

analyses. Both the MALDI-PSD and QqTOF-MS/MS fragment ion
peak lists, generated as described, were analyzed by searching the
sequence database MSDB with Mascot (Matrix Science, London,
UK) [35]. The searches were taxonomically restricted to “other
metazoa”. The mass error tolerances for precursor and fragment
ions were set to 200 ppm for PSD data and to 0.1 Da for QqTOF-
MS/MS data, respectively. The following variable modifications
were considered: amidation of the C-terminus and formation of
pyro-glutamate (pyro-Glu) from glutamate (Glu) at the N-terminus
of peptides.

Additionally, automated de novo sequencing combined with
database searching was performed on the QqTOF-MS/MS data using
the software PEAKS Studio (version 4.5, Bioinformatics Solutions,
Waterloo, Canada) [36] with precursor and fragment mass error
tolerances of 0.10 Da. The same post-translational modifications as
used for the Mascot search were considered.

3. Results and discussion

41 honeybee venom samples of different strains of the bees,

country of origin (Poland, Georgia, and Estonia), year and sea-
son of the venom collection were analyzed using MALDI-TOF and
nanoESI-QqTOF-MS. MALDI-TOF-MS was mainly used for semi-
quantitative analyses because of its robustness when analyzing
complex samples and the prevalence of singly charged peaks,

e venom samples.

Peptide sequence

GIGAVLKVL
SWIKRKRQQ + Amidated (C-term)
LISWIKRKRQQ + Amidated (C-term)
PALISWIKRKRQQ + Amidated (C-term)
VLKVLTTGLPALISWIKRKRQQ + Amidated (C-term)
GAVLKVLTTGLPALISWIKRKRQQ + Amidated (C-term)
GIGAVLKVLTTGLPALISWIKRKRQQ + Amidated (C-term)
DAEADPEAGIGAVLKVLTTGLPALISWIKRKRQQ + Amidated (C-term)

EAEADAEADPEAGIGAVLKVLTTGLPALISWIKRKRQQ + Amidated (C-term);
Glu->pyro-Glu (N-term E)
EPEPAPEPEAEADAEADPEAGIGAVLKVLTTGLPALISWIKRKRQQ + Amidated
(C-term); Glu->pyro-Glu (N-term E)
CNCKAPETALCARRCQQH + Amidated (C-term)

IKCNCKRHVIKPHICRKICGKN + Amidated (C-term)

YIIDVPPRCPPGSKFIKNRCRVIVP
HTGAVLAGV + Amidated (C-term)
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ig. 1. Positive ion linear MALDI-TOF spectra of honeybee venom samples prepare
-cyano-4-hydroxycinnamic acid, respectively. The peak numbering refers to the p

hich simplifies the interpretation of the spectra [30]. NanoESI-
qTOF-MS and MS/MS were applied for qualitative analysis of

epresentative honeybee venom samples.
The application of MALDI-TOF-MS to a wide variety of analytes is

ossible through the use of different matrices [37,38]. In this study,
he application of the two matrix systems sinapinic acid and CHCA
ields complementary results. Applying this methodology we have
ocused on a mass range lower than 15,000 Da however, gener-
lly higher masses could be also measured. The use of sinapinic
cid resulted in the detection of many more peptides as compared
o the analyses with CHCA (Fig. 1a and b). However, while apply-
ng CHCA two honeybee venom toxins (apamine, Mr = 2029.92 Da
nd mast cell degranulating peptide (MCDP), Mr = 2589.42 Da) were
etected, which were not found when using sinapinic acid. This

s in agreement with literature reporting that apamine and MCDP
re present in different honeybee venom samples [9]. Therefore,
o evaluate less characterized peptides sinapinic acid was used for
urther experiments.

About 20 peptide candidates were detected using MALDI-

OF-MS. The experiments with sinapinic acid allowed obtaining
emi-quantitative data for the 12 most abundant peptides (in the
ange between 2845 Da and 3644 Da) in the 41 different honey-
ee venom samples. However, several peptides in the range from
800 Da to 7000 Da were detected with very low abundance in most
g the dried droplet method, by mixing the sample with (A) sinapinic acid and (B)
numbers given in Table 1.

of the analyzed samples and, therefore, semi-quantitative analysis
of these peptides was impossible.

Semi-quantitative analysis using MALDI is challenging due to
the poor point-to-point repeatability, sample-to-sample repro-
ducibility, and shot-to-shot signal degradation [39]. To minimize
problems arising from these difficulties and to improve preci-
sion and accuracy of the results obtained, an internal standard
was used (GLP). To obtain semi-quantitative information, the
intensities of selected peaks were related to the intensity of
the internal standard. Each sample was analyzed in triplicate
(n = 3) and mean values were calculated. By applying this method-
ology, the average precision (expressed as relative standard
deviation) of the results obtained was 15.5%. According to the
obtained standard deviations a semi-quantitative evaluation was
feasible.

The semi-quantitative results are shown in Table 1. The con-
tent of the analyzed peptides is presented in arbitrary units. The
peptides of the monoisotopic masses 2859.84 Da and 2872.83 Da
were observed mainly in the older bee venom samples collected in

1991 and 1995 while in the other samples from 2002 to 2007 the
same peptides were detected with significant lower abundances.
Similarly, the peptides of masses 2886.80 Da and 2952.84 Da were
only observed in the older samples. Hence, it might be possible that
these peptides are degradation products of others.
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In order to verify significant differences between independent
ariables (the content of analyzed peptides), the data from analyzed
amples were subjected to statistical analysis using the Analy-
is of Variance (ANOVA). Three factors were considered for the
alculations: the strain of bees, month and year of venom collec-
ion. Multi-way statistical analysis did not show any significant
ifferences. One-way ANOVA showed that there was significant

nfluence of one factor: the year on the determination of analyzed
eptides. The strongest influence was found for the peptides of
ollowing masses: 2859.84 Da, 2872.83 Da, 2886.80 Da, 2941.14 Da,
952.84 Da, 3018.81 Da, and 3068.87 Da.

NanoESI-QqTOF-MS was applied as a complementary method
specially for identification purposes. Due to the presence of disul-
hide bridges in the honeybee venom peptides [40,41], DTT was
sed as a reducing agent prior to nanoESI-MS analysis. Thus, 17
eptide sequences were identified including melittin (10 different
reakdown products and precursors of melittin), apamine, mast
ell degranulating peptide, and secapin. Additionally, one small
rotein (HTGAVLAGV) that has not been described in bee venom
efore [open reading frame (ORF) for hypothetical protein in A. mel-

ifera – honeybee] was observed (shown in Table 2). The peptide
dentified could be assigned to a protein (LOC408363, accession
umber gi|118150480; obtained from genomic data of A. mellifera)
hat has been predicted, but until now there was no experimental
vidence that this protein is expressed in vivo. Thus, the detection
f a peptide of this precursor is a clear indication for the existence
f this protein.

Four of the identified peptides which were degradation
roducts and precursors of melittin were also detected by MALDI-
OF-MS with sinapinic acid as matrix (2844.53 Da, 3643.19 Da,
025.33 Da, 4871.34 Da) and two peptides with CHCA (apamine and
CDP).
Moreover, some post-translational and chemical modifica-

ions could be confirmed: amidation of the C-termini of melittin,
pamine, and mast cell degranulating peptide and transforma-
ion of glutamate (Glu) into pyro-glutamate (pyro-Glu) at the
-terminus of melittin precursors. It is likely that many more
eptides could be identified using nanoESI-MS if further post-
ranslational and chemical modifications were known.

Although not all peptides detected by MALDI-TOF were iden-
ified, it is obvious that monitoring of the content of them in
he samples of bee venom is certainly necessary for medicinal
urposes. It was demonstrated that some peptides occurring in
xtreme low quantities in honeybee venom samples had proba-
ly no biological function against the victim (they had only a local
unction in the venom duct or reservoir or they were other cell
omponents released by leakage of the gland tissue) [42]. There-
ore, mass spectrometric techniques applied in this study, which
llowed obtaining broad data about different honeybee venom
amples during one simple direct analysis, are powerful tools for
tandardization purposes.

. Conclusions

By applying MALDI-TOF analysis, without further sophisticated
nd time consuming sample pretreatment it was possible to obtain
emi-quantitative data for different components in selected hon-
ybee venom samples. Statistical analysis (ANOVA) has shown that
here are qualitative and quantitative differences in the compo-
ition between honeybee venom samples collected over different

ears. Moreover, the significant achievement of this study is
he fact that the new peptide (HTGAVLAGV + Amidated (C-term),

r = 822.53 Da) has been discovered in bee venom for the first time
open reading frame (ORF) for hypothetical protein in A. mellifera –
oneybee).

[

[

Biomedical Analysis 54 (2011) 273–278 277

On the basis of these considerations it can be stated that direct
MALDI-TOF-MS is a very sensitive and rapid method for carrying
out screening tests of honeybee venom samples. It has been demon-
strated that spectra obtained from such a simple and fast analysis
can be used as a “protein fingerprint” of honeybee venom in order
to confirm the identity of the product. Applied methodology is also
useful to screening degradation products of honeybee venom con-
stituents. The detected peptides can be unambiguously identified
using nanoESI-QqTOF or MALDI-TOF/TOF mass spectrometry.
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