
Abstract LC/MS/MS under ion trap conditions was used
to analyze microcystins produced by cyanobacteria.
Tandem mass spectrometry using MS2 was quite effective
since ions arising from cleavage at a peptide bond provide
useful sequence information. The fragmentation was
confirmed by a shifting technique using structurally-related
microcystins and the resulting fragmentation pattern was
different from those determined by triple stage MS/MS and
four sector MS/MS. Analysis of a mixture of microcystins
in a bloom sample was successfully performed and two
new microcystins were identified by LC/MS/MS under ion
trap conditions. Thus, LC/MS/MS under ion trap
conditions is effective for the structural characterization of
microcystins.

Keywords LC/MS/MS under ion trap conditions, cyclic
peptide, microcystin, structural analysis, sequence
information, fragmentation pattern

Introduction

Cyclic peptides have been often found and isolated 
from microorganisms, cyanobacteria, fungi and marine
sponges as bioactive secondary metabolites, and some of
them have been developed as medicines. For instance,

cyclic peptide antibiotics such as bacitracin [1], colistin [2],
vancomycin [3] and micafungin [4], are widely used for
medical treatments. Moreover, cyclosporin [5] is an
immunosuppressive agent, which has been used for organ
transplant rejection or bone marrow [6].

For the structure determination of cyclic peptides, the
following information is required: structures, absolute
configurations and sequence of constituent amino acids.
Although partial acid hydrolysis had been used for the
structure determination of these cyclic peptides, it has been
currently performed by instrumental methods such as 2D-
NMR (two dimensional nuclear magnetic resonance) and
MS/MS (tandem mass spectrometry) techniques. However,
these techniques have the following inherent drawbacks:
overlapped signals derived from carbonyl carbons and a -
hydrogens of the constituent amino acids and non-
reproducible fragmentation by tandem mass spectrometry
with high- (four sector MS/MS) or low- (triple stage
MS/MS) energetic CID (collision activation dissociation).
Therefore, a more reliable and effective methodology has
been eagerly required for cyclic peptides [7].

Microcystins (Fig. 1), a family of cyclic heptapeptides
isolated from cyanobacteria, show potent inhibition of
protein phosphatases 1 and 2A [8]. Their structures were
determined in 1984 [9], and 67 related compounds have
been isolated since then [10]. Although triple stage MS/MS
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and four sector MS/MS were applied to characterize 
the microcystin structures [11�14], the resulting
fragmentations were complicated and it was difficult to use
them for the structural characterization of unknown
microcystins. Recently, LC/MS/MS (liquid chromatography/
tandem mass spectrometry) under ion trap conditions has
been applied to the structure elucidation of various
compounds with low to high molecular weights, and mainly
to the amino acid sequence determination in the proteomics
study and in vivo or in vitro metabolite screening during the
process of drug development [15�17]. From LC/MS/MS
under ion trap conditions, it is possible to acquire much
information with a small amount of sample and then use
the MSn technique. For the MS2 and MS3 analyses of
microcystin using LC/MS/MS under ion trap conditions,
the resulting fragmentation pattern was simpler than those
with other MS/MS methods. Poon et al. reported good
results for the analysis of microcystins using this system.
However, the elucidation of the fragmentation for
microcystin-LR (MCLR) was not enough to apply it to the
structure characterization of unknown microcystins [18].
Moreover, although Deihnelt et al. analyzed various
microcystins using ion trap Fourier transform ion cyclotron,

this equipment has not been widely used and not been a
standard tool [10]. Therefore, we have made an attempt to
apply LC/MS/MS under ion trap conditions to extend its
applicability for the structure elucidation of unknown
microcystins.

In the present study, we confirmed the fragmentation
pattern of microcystins using LC/MS/MS under ion 
trap conditions, which was used for the structure
characterization of non-isolated microcystins after simple
extraction from a bloom sample [19].

Materials and Methods

Chemicals and Reagents
Microcystins, -LR, -YR, -RR, -LW, -LF, 3-desmethyl-LR
and 7-desmethyl-LR were isolated and purified by silica-gel
chromatography and gel filtration chromatography from the
lyophilized cells of cyanobacteria collected in various
sources or fermented strains [20]. Dihydromicrocystin-LR
was prepared by the reduction of microcystin-LR with
NaBH4 [21]. These microcystins were then dissolved in
methanol (10 mg/ml). Each injection volume was 5 m l for
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Microcystins (abbreviation) M.W. 1 2 3 4 5 6 7

Microcystin-LR (MCLR) 994 D-Ala L-Leu D-MeAsp L-Arg Adda L-Glu Mdha
Microcystin-YR (MCYR) 1044 D-Ala L-Tyr D-MeAsp L-Arg Adda L-Glu Mdha
Microcystin-RR (MCRR) 1037 D-Ala L-Arg D-MeAsp L-Arg Adda L-Glu Mdha
Microcystin-LF (MCLF) 985 D-Ala L-Leu D-MeAsp L-Phe Adda L-Glu Mdha
Microcystin-LW (MCLW) 1025 D-Ala L-Leu D-MeAsp L-Trp Adda L-Glu Mdha
3-Desmethylmicrocystin-LR (3-Des-MCLR) 980 D-Ala L-Leu D-Asp L-Arg Adda L-Glu Mdha
7-Desmethylmicrocystin-LR (7-Des-MCLR) 980 D-Ala L-Leu D-MeAsp L-Arg Adda L-Glu Dha
Dihydromicrocystin-LR (Dihydro-MCLR) 996 D-Ala L-Leu D-MeAsp L-Arg Adda L-Glu MeAla

Adda: [(2S,3S,8S,9S)-3 amino-9-methoxy-10-phenyl-2,6,8-trimethyldeca-4(E),6(E)-dienoic acid, Mdha: N-methyldehydroalanine, Dha: Dehydroalanine,
MeAsp: b -erythro-methyl-D-Asp, MeAla: N-methylalanine.

Fig. 1 Structures of microcystin LR (MCLR) and related compounds.



the analysis. A TSK-gel Super ODS column, 2.0�100 mm
(Tosoh Co. Ltd., Tokyo, Japan) was used for the
fractionation of the microcystins. Methanol and formic acid
were purchased from Nacalai tesque Co. Ltd. (Kyoto,
Japan). Pure water was obtained using the E-pure
distillation and ion exchange system (Barnstead, Germany).
A 5% acetic acid solution was used for the extraction of the
microcystins from lyophilized cells collected from Lake
Suwa, Japan. The Sep-pak cartridge (ODS, 500 mg) used
for the extraction of microcystin from the lyophilized cells
was purchased from Waters Co., Ltd. (MA, USA).

Instrumentation
The Agilent Technologies (Waldbronn, Germany) 1100
series was used as the HPLC system that consisted of
binary pump, column compartment module, degasser, and
UV-VIS detector. The LC/MS/MS system was a Thermo
Electron LCQ Deca XP plus (San Jose, CA, USA)
equipped with an electrospray ionization (ESI) interface.

LC/MS Conditions
The chromatographic system consisted of an ODS column
with the mobile phase of A: water and B: methanol
containing 0.1% formic acid. The LC gradient elution
conditions were initially 40% B to 90% B over 30 minutes.
The flow rate was set at 0.2 ml/minute. The MS2 analysis
was used in the product ion scan in centroid mode. In the
MS2 mode, detection was in the positive ionization mode.
The source voltage was 5.0 kV. The temperature of the
heated capillary was 300°C. Full-scan mass spectra were
acquired over m/z 400�1500 within 1.0 second. Helium
was used as the collision gas in the range of 1�2 mTorr.
The protonated molecule was activated at 35% different
collision energy level.

Extraction of Microcystins
Extraction was carried out using the established method as
follows [19]: a 100 mg sample of lyophilized cells of
cyanobacteria collected from Lake Suwa was extracted
with 10 ml of a 5% acetic acid solution for 30 minutes, and
the resulting extract was centrifuged at 3000 g for 10
minutes. This extraction was repeated 3 times. After the
filtration, the supernatant was applied to an ODS cartridge,
and the cartridge was washed with 5 ml of water, followed
by 5 ml of 20% methanol. The desired compounds were
eluted with 5 ml of 90% methanol and then 5 ml of
methanol. Both fractions containing the microcystins were
collected and evaporated to dryness, and the residue was
dissolved in methanol.

Results

Fragmentation Pattern of Arg Containing Microcystin
The general structure of microcystin is cyclo (-D-Ala1-R2

2-
D-MeAsp3-R4

4-Adda5-D-Glu6-Mdha7-), where R2 and R4 are
the two variable L-amino acids, and their abbreviations are
used as the suffix of the amino acid name (Fig. 1). 
Adda, Mdha and MeAsp denote (2S,3S,8S,9S)-3-amino-9-
methoxy-10-phenyl-2,6,8-trimethyldeca-4(E),6(E)-dienoic
acid [22], N-methyldehydroalanine and b -methylaspartic
acid, respectively. MCLR (Fig. 1, M.W. 994) is the most
popular member found among the microcystins, where its
two L-amino acid positions are Leu as R2 and Arg as R4.
The MS2 spectrum of the protonated molecule (M�H)� at
m/z 995 of MCLR obtained from the LC/MS/MS on ion
trap analysis is shown in Fig. 2.

The prominent fragment ions at m/z 866 (Ion a, e), 728
(Ion g), 710 (Ion g�), 682 (Ion b), 599 (Ion c), 570 (Ion f�),
553 (Ion f) and 470 (Ion d, h) were observed together with
some ions in the higher mass region of the MS2 spectrum.
These ions are generated by the cleavage of peptide bonds,
because the mass numbers of the ions correspond to the
difference between the precursor ion (m/z 995) and the
liberated peptide moieties. Generally, these ions must be
formed by the two-bond fissions of the precursor ion, in
which the initial fission of the cyclic structure to a
linearized one and subsequent fission(s) at the peptide
bonds are included. For the MCLR, the following peptide
bonds, Arg-MeAsp, MeAsp-Leu, Ala-Mdha and Mdha-
Glu, were initially cleaved as shown in Fig. 3. The resulting
fragment ions were classified into four groups: (A) Ions
a�d by the cleavage at Arg-MeAsp, (B) Ion e, f� by the
cleavage at Mdha-Glu, (C) Ions g and g� by the cleavage at
MeAsp-Leu and (D) Ion h by the cleavage Ala-Mdha. As
shown in Fig. 3, it was found that the observed ions always
contain the Arg moiety.

In order to rationalize the fragmentation of MCLR using
the LC/MS/MS under ion trap conditions mentioned above,
we compared the fragmentation of MCLR with those of
three related microcystins that are structurally, but slightly
different: dihydromicrocystin-LR [21] (dihydro-MCLR,
M.W. 996) contains MeAla (N-methylalanine) instead of
Mdha, microcystin-YR (MCYR, M.W. 1044) has Tyr
replaced by Leu in MCLR, and 3-desmethymicrocystin-LR
(3-des-MCLR, M.W. 980) is a desmethylated analogue 
of MCLR at the 3 position (Fig. 1). The predominant
fragment ions observed in the MS2 spectra of the related
microcystins are summarized in Table 1. This is a shifting
technique [23], and these ions are classified into two
groups, the shifted or non-shifted groups as follows: in the
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case of dihydro-MCLR, the MeAla containing fragment ion
is shifted by 2 mass units; in the case of MCYR, the Tyr
containing fragment ion is shifted by 50 mass units; and 
in the case of 3-des-MCLR, the Asp containing fragment
ion is shifted by �14 mass units. The principal fragment 
ions of MCLR are compared with those of three related

microcystins (Table 1). As discussed above, they are
classified into two groups, the shifted or non-shifted
groups. This shifting behavior definitely supported the fact
that the fragmentation of MCLR and related microcystin
using LC/MS/MS under ion trap conditions is reproducible,
and these fragment ions are available for sequencing the
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Fig. 2 MS2 spectrum of MCLR.

Fig. 3 Fragmentation scheme of MCLR using LC/MS/MS under ion trap conditions.
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Table 1 Fragment ions of MCLR, dihydro-MCLR, MCYR and 3-des-MCLR observed in the MS2 spectra using LC/MS/MS
under ion trap conditions.

Microcystins

Ion series Ion MCLR Dihydro-MCLR MCYR 3-Des-MCLR

m/z

M�H 995 997 (�2) 1045 (�50) 981 (�14)

Fragment ion

a Arg-Adda-Glu-R7-Ala-R2 866 868 (�2) 916 (�50) 866
b Arg-Adda-Glu-R7 682 — 682 —
c Arg-Adda-Glu 599 599 599 599
d Arg-Adda 470 470 — —
e R7-Ala-R2-R3-Arg-Adda 866 868 (�2) 916 (�50) 852 (�14)
f� R7-Ala-R2-R3-Arg-NH2 570 572 (�2) 620 (�50) 556 (�14)
f R7-Ala-R2-R3-Arg 553 555 (�2) 603 (�50) 539 (�14)
g R3-Arg-Adda-Glu 728 728 728 714 (�14)
g� R3-Arg-Adda-Glu(-H2O) 710 710 710 696 (�14)
h Ala-R2-R3-Arg 470 470 520 (�50) 456 (�14)

Constituent amino acid

R2 Leu Leu Tyr Leu

R3 MeAsp MeAsp MeAsp Asp

R7 Mdha MeAla Mdha Mdha

—: Not observed.

Fig. 4 MS2 Spectra of MCLF (a) and MCLW (b).



constituent amino acids in the microcystins.

Fragmentation Pattern of Microcystin without Arg
As mentioned above, the mass spectrometric behavior 
of MCLR and related microcystins was discussed and it
was found that any detected fragment ion contained the 
Arg moiety. It is well known that microcystins without 
Arg as the constituent amino acid are also produced 
by cyanobacteria and they often are designated as a
“hydrophobic microcystin”. Microcystin-LF (MCLF, M.W.
985) and -LW (MCLW, M.W. 1024) contain Phe and Trp
instead of Arg in the MCLR, respectively (Fig. 1). The MS2

spectra of the protonated molecules for the two microcystins

are shown in Fig. 4 and the observed ions are summarized
together with those of the MCLR in Table 2. The ion series
f and h were only detected in MCLF and MCLW, but almost
no other ions were identified as being in the ion series
observed in the MCLR and related microcystins. Whereas
the fragment ions at m/z 693, 580, 559, 446 and 375 were
commonly observed in the MCLF and MCLW, other ions at
m/z 891 (852), 874 (835) and 795 (756) individually
appeared. The fragment ions at m/z 891 and 852 were
found as the base peaks in the mass spectra of the MCLW
and MCLF, respectively. These ions were 134 mass units
less than the precursor ions ((M�H)�) and considered to be
generated by the cleavage between the 8 and 9 positions in
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Table 2 Fragment ions of MCLF and MCLW observed in the MS2 spectra using LC/MS/MS under ion trap conditions

Microcystins

Ion series Ion MCLR MCLF MCLW

m/z

M�H 995 986 (�9) 1025 (�30)

Fragment ion

a R4-Adda-Glu-Mdha-Ala-Leu 866 — —
b R4-Adda-Glu-Mdha 682 — —
c R4-Adda-Glu 599 — —
d R4-Adda 470 — —
e Mdha-Ala-Leu-MeAsp-R4-Adda 866 — —
f� Mdha-Ala-Leu-MeAsp-R4-NH2 570 — —
f Mdha-Ala-Leu-MeAsp-R4 553 544 (�9) 583 (�30)
g MeAsp-R4-Adda-Glu 728 — —
g� MeAsp-R4-Adda-Glu(-H2O) 710 — —
h� Ala-Leu-MeAsp-R4-NH2 — 478 517
h Ala-Leu-MeAsp-R4 470 461 (�9) 500 (�30)

Adda-Glu-Mhda-Ala-Leu — 693 693
Adda-Glu-Mdha-Ala — 580 580
Adda-Glu-Mdha-Ala-Leu-MeAsp-R4(-135) — 852 891
Adda-Glu-Mdha-Ala-Leu-MeAsp-R4(-135-NH3) 844 835 874
Adda-Glu-Mdha-Ala-Leu(-135) — 559 559
Adda-Glu-Mdha-Ala(-135) 446 446 446
Adda-Glu-Mdha(-135) 375 375 375
MeAsp-R4-Adda-Glu-Mdha-Ala(-135) — 756 795

Constituent amino acid

R4 Arg Phe Trp

—: Not observed.



the side chain of Adda. This cleavage has been previously
reported [11]. Thus the fragment ions detected in the MS2

spectra of MCLF and MCLW are grouped into three
categories: the first one contains the initial carbon–carbon
cleavage at the Adda moiety followed by fission of the
cyclic structure into a linearized one and subsequent fission
of the peptide bonds, the second consists of the fission of
the cyclic structure at a peptide bond between Adda and
Leu (Trp) into linearized one, but the carbon–carbon
cleavage does not occur, and the third one is found in the
case of the MCLR. The fragmentation scheme for MCLF is
depicted in Fig. 5 and provides informative sequence
information even if the carbon–carbon cleavage occurs at
the Adda moiety.

Structural Characterization of Microcystins in
Cyanobacterial Blooms by LC/MS
The systematic study mentioned above strongly suggested
that the fragment ions of microcystins generated in the MS2

analysis of the LC/MS/MS under ion trap conditions are
informative and available for the sequencing the constituent
amino acids. Therefore, the established fragmentation
pattern was applied to identify the microcystins in the
crude extracts from a bloom sample. The total ion
chromatography (TIC) and mass chromatograms of the
microcystins detected in the LC/MS/MS under ion trap
conditions of the crude extracts from the lyophilized cells
of cyanobacteria collected from Lake Suwa in August 2005
are shown in Fig. 6. Four ion peaks were readily identified

as MCLR and 7-des-MCLR, MCRR, MCYR based on their
molecular weights and retention times. However, it was
difficult to identify two peaks eluted at 16.65 minutes (peak
A) and 18.61 minutes (peak B) using only the information
concerning their molecular weights and retention times.
Peak A showed the protonated molecule at m/z 1049, which
is 4 mass units higher than MCYR. The MS2 spectrum of
peak A is shown in Fig. 7, in which the prominent fragment
ions were observed at m/z 920, 728, 710, 686, 624, 607 and
599 in the MS2 analysis of the protonated molecule at m/z
1049 as the precursor ion. The resulting fragmentation
pattern showed that peak A contains Arg. The fragment
ions at m/z 728, 710 and 599 were commonly observed in
the spectrum of the MCYR, and identified as Ion g, g� and
c. Four fragment ions at m/z 920, 686, 624 and 607
appeared 4 mass units higher than Ions a or e, b, f� and f of
the MCYR, respectively. Thus, a linear structure, Tyr-
MeAsp-Arg-Adda-Glu, was determined as the partial
structure of peak A. A fragment ion at m/z 920 was
detected 129 mass units less than the protonated molecule
at m/z 1049, and this difference corresponded to loss of Glu
or MeAsp. This indicated that the structural variation
between peak A and MCYR is due to the Mdha or Ala
moiety. The ion at m/z 686 was 4 mass units higher than
m/z 682 (Arg-Adda-Glu-Mdha) observed in the MS2

analysis of the MCYR, suggesting that this fragment ion
was Arg-Adda-Glu-Ser. Therefore, peak A was considered
to be [Ser7]-MCYR, in which Mdha in the MCYR was
replaced by Ser and the predicted fragmentation pattern for
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Fig. 5 Fragmentation scheme of MCLF using LC/MS/MS under ion trap conditions.
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Fig. 6 Total ion chromatogram and mass chromatograms of microcystins of bloom extracts collected from Lake Suwa.

Fig. 7 MS2 spectrum of Peak A.



peak A coincide with the established one. Thus, peak A
was identified to [Ser7] MCYR apart from the absolute
configuration of Ser.

Peak B showed the protonated molecule at m/z 1009 in
the LC/MS/MS under ion trap conditions. The fragment
ions were observed at m/z 880, 710, 682, 599, 584, 567 and
484 in the MS2 analysis of the protonated molecule at m/z
1009 as the precursor ion (data not shown). The fragment
ions at m/z 710 and 599 were identified as Ions g� and c,
respectively. Because the fragment ion at m/z 682
corresponded to Ion b, a partial structure of peak B was
supposed to be MeAsp-Arg-Adda-Glu-Mdha. Other
fragment ions at m/z 880, 584, 567 and 484 were 14 mass
units higher than Ions a or e, f�, f and h. These data
suggested that peak B contains the methylated Ala or Leu
as the constituent amino acid, so that the structure was
considered to be [methylated Ala1] or [methylated Leu2]
MCLR. Such a microcystin has not yet been reported.

Discussion

Many cyclic peptides are used in modern life and possibly
in our future. As discussed in the introduction, no suitable
methodology has been developed for the structural
characterization of cyclic peptides, because cyclic peptides
from natural sources have complicated structures including
unusual amino acids. Particularly, no reproducible and
reliable method has been established for the sequencing of
the constituent amino acids in the case of a small amount of
sample. Although tandem mass spectrometry, such as four
sector MS/MS and triple stage MS/MS, has been used for
this purpose, they have not provided satisfactory results
[11�14]. In this study, a systematic investigation was
planned to confirm the applicability of LC/MS/MS under
ion trap conditions for the sequencing using microcystin as
a typical cyclic peptide, and the final goal was to
successfully apply the obtained information of known
microcystins to characterize unknown ones.

First of all, the mass spectrometric behavior of the
microcystin was carefully examined under MS2 analysis
conditions. The MS2 spectrum of the protonated molecule
(M�H)� provided many fragment ions which are mainly
generated by the cleavage of peptide bonds. These ions
were formed by the two-bond fissions of the precursor ion,
in which an initial fission of the cyclic structure to a
linearized one and subsequent fission(s) at the peptide
bonds are included. They belong to the bn ions according to
the notation by Biemann [24], which are desirable for the
sequencing. In the case of the microcystin-containing Arg,
the observed ions always contain the Arg moiety (Fig. 3).

The fragmentation of other microcystins without Arg
showed a different pattern and the cleavage between the 8
and 9 positions in the side chain of Adda predominates
prior to the fission of the peptide bonds (Fig. 5). The
obtained fragmentation was confirmed by a shifting
technique using structurally related microcystins. Diehnelt
et al. reported the identification of the fragment ions of
microcystins using an ion tap Fourier transform ion
cyclotron [10]. They also analyzed MCLF and the fragment
ions at m/z 852, 835, 693, 580, 559 and 544 were similar to
the fragment ions obtained from our experiment, which 
are available for the sequence information. In other
microcystins, the fragment ions were identified by their m/z
value and molecular composition, and most of them
coincided with our proposed fragment ions. Moreover, they
reported that the fragmentation of microcystin containing
Arg or without Arg showed similarly the different pattern.
These results indicate that fragment ions obtained from
LC/MS/MS under ion trap conditions are reproducible and
this system is applicable to the structural characterization
of microcystins. Poon et al. also reported the analysis of
microcystins using LC/MS/MS under ion trap conditions,
and the fragment ions obtained from the MS2 analysis 
was described in detail [18]. However, their proposed
fragmentation pattern was not systematically discussed, 
and it was difficult to apply them for the structural
characterization of unknown microcystins, because there
was no discussion regarding the generation of fragment
ions including the two-bond fission and the difference of
fragmentation pattern of microcystins containing Arg or
without Arg as discussed above.

The established fragmentation pattern was then used to
identify the microcystins in the crude extracts from a bloom
sample, and 4 known and 2 unknown microcystins were
found. One of the unknown microcystins was identified to
[Ser7] MCYR, but another corresponded to either the
[methylated Ala1] or [methylated Leu2] MCLR. The
structure was not fully elucidated, because there were no
informative ions generated by the cleavage of the peptide
bond between Ala and Leu. We considered that this method
is difficult to apply to the structural characterization of
unknown microcystins structurally modified at [Ala1] or
[R4] position (Fig. 1). MS2 spectrum using centroid mode
was not always sufficient because obtained data was not
scanned in profile mode. However we have analyzed
isolated microcystins in centroid mode and made sure that
the initial fission occurred the peptide bond definitely and
fragment ions were generated as bn series ions. Further, we
could find the fragmentation pattern of microcystins
containing Arg or without Arg and clarified the difference.
Therefore the obtained fragment ions using centroid mode
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was applicable to the structural characterization of
unknown microcystins and make possible to distinguish the
fragment ion peaks from noise peaks. These experiments
shown in this study strongly indicated that the obtained
fragmentation pattern of the microcystins by LC/MS/MS
under ion trap conditions is reproducible, and these
fragment ions are available for sequencing the constituent
amino acids in the microcystins. In a subsequent step, we
have to confirm that the established fragmentation by
LC/MS/MS under ion trap conditions is available or not for
other types of cyclic peptides.
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