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Mobilize a Proton to Transform the  
Collision-Induced Dissociation Spectral Pattern of 

a Cyclic Peptide
Takemichi Nakamura*,1, Yayoi Hongo†,1, and Ken-ichi Harada2
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The collision-induced dissociation (CID) behaviors of protonated molecules of anabaenopeptins, a group of 
cyanobacterial cyclic peptides, were investigated in detail using liquid chromatography-tandem mass spec-
trometry. Although anabaenopeptin A and B share a macrocyclic peptide structure, they give strikingly differ-
ent fragmentation patterns; the former gives a variety of product ions including cleavages in the cyclic peptide 
structure, which is useful for structural analysis; whereas the latter gives far fewer product ions and no frag-
mentation in the cyclic moiety. Energy-resolved CID experiments clarified the mechanism behind the striking 
difference attributable to the difference in exocyclic amino acid residues, Tyr or Arg. The guanidino group in 
Arg-containing analogue, anabaenopeptin B, should be by far the most preferred protonation site; the proton 
would be sequestered at the guanidino group in the protonated molecule, with the lack of proton mobility 
prohibiting opening of the charge-directed fragmentation channels in the cyclic moiety. Enzymatic hydrolysis 
of the guanidino group to give citrullinated-anabaenopeptin B restored proton mobility. The fragmentation 
pattern of the citrullinated peptide became almost identical to that of anabaenopeptin A. The observed frag-
mentation behaviors of these cyclic peptides were consistent with those of linear peptides, which have been well 
understood based on the mobile proton model.
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INTRODUCTION
Modern liquid chromatography-mass spectrometry (LC-

MS) instruments are mainly designed for use with an elec-
trospray ionization (ESI) source,1,2) which gives minimal 
fragmentation of analyte ions.3,4) Consequently, many of the 
current LC-MS instruments also have tandem mass spec-
trometry (MS/MS) capability to allow observation of product 
ions that provides structural information regarding ESI-gen-
erated precursor ions.5) The LC-(ESI)MS/MS technology has 
evolved since the 1990s.6) Initially, the technology was exten-
sively used in the field of proteomics due to its sensitivity 
and versatility for application to various mixtures.7) In a typ-
ical procedure, proteolytic peptides are separated by LC and 
transferred to an ESI source, followed by MS/MS, in which 
protonated peptides are selected as precursor ions and then 
fragmented by low-energy collision-induced dissociation 
(CID).6,8) In general, protonated peptide molecules mainly 

give product ions known as b- and y-ions according to the 
peptide backbone cleavages.9) Although rather limited frag-
mentations have been observed in low-energy CID exper-
iments, such limited information is often enough for the 
identification of peptides in proteomic applications in which 
the sequence databases are available for searching candidate 
peptide sequences.10)

Following its successful application in the field of pro-
teomics, LC-MS/MS quickly became a popular method for 
structural characterization in many fields, including natural 
product chemistry,11) where it is often the only practical 
method for characterizing limited amounts of samples.12–14) 
However, in contrast to the peptide identification in pro-
teomics, structural characterization and identification of 
diverse organic molecules is a much more complicated and 
difficult task. In cases where very large chemical spaces of 
organic compounds need to be considered, the amount of 
information that can be obtained through a few MS/MS 
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experiments on an unknown molecule would simply be 
insufficient for the structural elucidation of a medium-sized 
molecule from scratch.15,16) On the other hand, once a chem-
ical structure has been established by means of any method, 
including NMR, X-ray, etc., the structures of homologous 
compounds may be successfully characterized by LC-MS/
MS.17–20) In other words, successful characterization of nat-
ural products often relies on known structure(s) that can be 
used as a template.

The case of microcystins, a group of cyanobacterial cyclic 
peptides, is one such example.21,22) As many of natural cyclic 
peptides are resistant to protease or peptidase, and have 
unique structural features including unusual amino acid 
residues, structure elucidation would become complicated 
processes. However, once the structure of a key compound 
has been established, homologous compounds could be char-
acterized by LC-MS/MS. For example, based on the structure 
and MS/MS fragmentation pattern of microcystin-LF (1), 
the structure of microcystin-LW (2) was characterized rather 
quickly by interpreting very similar fragmentation patterns.22) 
Fragment ions were observed either at the same m/z or at 
the position shifted by the difference of molecular masses as 
shown in Fig. 1.

Interestingly, similar structures do not always give similar 
fragmentation patterns. The case of another group of cya-
nobacterial cyclic peptides, anabaenopeptins,23) is such an 
example. Although the difference between anabaenopeptin A 
(3) and B (4) is only a single amino acid residue as in the case of 
1 and 2, the fragmentation patterns observed in the CID spectra 
of 3 and 4 showed a striking difference.24) The [M+H]+ of 3 
gave an information-rich product ion spectrum attributable 
to the peptide bond cleavages inside the cyclic peptide struc-
ture, whereas 4 only gave a product ion corresponding to loss 
of the exocyclic part (m/z 637) except for a couple of water 
losses. With no cleavages inside the cyclic structure, the frag-
mentation pattern of 4 was very poor in terms of structural 
information. In the previous study, it was demonstrated that 
the interior of the cyclic part of 4 can be further character-
ized by analyzing the second-generation product ion from 
m/z 637.24) However, it remained unclear why the product 
ion spectra of protonated molecules of two compounds 
showed such an intriguing difference.

In the present study, we reinvestigated the MS/MS fragmen-
tation behavior of anabaenopeptins. The objective of the study 
was 1) to understand why the similar structures show such dif-
ferent fragmentation patterns and 2) to explore whether there 
is any way to transform the fragmentation pattern of 4 into an 
“information-rich” pattern, based on our understanding of the 
underlying mechanisms. Our experiments revealed that pro-
ton mobility plays a key role in the fragmentation behaviors of 
the cyclic peptides, as we describe below.

EXPERIMENTAL

Materials
Anabaenopeptin A, B, and C were isolated from Anabaena 

flos-aquae, as reported previously.23) Methanolic solutions 
were prepared from dried stock samples for the analysis. 
Protein arginine deiminase 4 (PAD4, human recombinant, 
0.71 mg/mL in buffer solution) was purchased from Cayman 
Chemical Co. (Ann Arbor, MI, USA).

Preparation of citrullinated-anabaenopeptin B
The guanidino group of arginine-containing peptide was 

converted to a ureido-group by PAD4 digestion (citrulli-
nation) according to the previously reported methods.25,26) 
Briefly, 5 µL of methanolic solution of anabaenopeptin B (ca. 
1 mg/mL) was diluted with 50 µL of 100 mM Tris–HCl buffer 
(pH 7.5, containing 10 mM CaCl2 and 2 mM dithiothreitol), 
and then 2.5 µL of PAD4 solution (1.78 µg enzyme) was 
added. The reaction mixture was incubated for 14.5 h at 37°C 
and then quenched with a 10-fold volume of 0.1% aqueous 
formic acid and stored in a freezer (−25°C) until analyzed by 
LC-MS/MS.

LC-MS/MS data acquisition and processing
All data were acquired by using a Synapt G2 quadrupole/

time-of-flight (Q-TOF) tandem mass spectrometer (Waters 
Co., Manchester, UK) equipped with an Acquity UPLC 
system (Waters) and an ESI source. Samples were injected 
into a reversed-phase column (ACQUITY UPLC BEH C18 
1.7  µm, 2.1×50 mm, at 25°C) and eluted with an isocratic 
solvent system (solvent A: 0.1% formic acid in water; solvent 
B:  acetonitrile; 30% B) at a flow rate of 0.2 mL/min for short 

Fig. 1.  The fragmentation patterns commonly observed in the CID spectra of protonated molecules from microcystin-LF (1) and microcystin-LW (2) are 
summarized based on the previous report.22) The numbers in parentheses beside each dashed line are nominal masses corresponding to the side of 
each formal cleavage site on the chemical structures of 1 and 2. The italicized numbers are nominal masses of actual fragment ions that were gener-
ated with hydrogen rearrangement(s). The underlined numbers are masses common in 1 and 2, whereas the masses shown before/after slash signs 
are those shifted by 39 Da, which is the mass difference attributable to the different R groups in 1 and 2. CID, collision-induced dissociation. 
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LC-MS/MS runs. The ions generated at positive ESI capillary 
(3 kV) under atmospheric pressure went into the vacuum 
system through the sampling cone (15 V). The ions were 
transferred to the quadrupole mass analyzer for isolation of 
precursor ions of interests (i.e., the protonated molecules 
of analytes). The isolated precursor ions were subjected to 
low-energy CID with Ar (99.9999%, 0.4 mL/min) at the trap 
collision cell (2.5×10−2 mbar). Ions went through the col-
lision cell and the following ion optics were mass analyzed 
at the orthogonal TOF analyzer for the recording of a high- 
resolution (approx. 20,000 FWHM) externally calibrated 
product ion spectrum in each second. In post-run data pro-
cessing, a few spectra at the retention time of each analyte 
were combined and converted to a centroid spectrum. A 
known-mass peak (typically the precursor ion peak) in each 
combined spectrum was used as an internal lock mass for 
recalibration to ensure ppm-level mass accuracy.

Energy-resolved CID data acquisition and 
processing

In the LC-MS/MS data acquisition procedure described 
above, collision energies applied at the trap cell were stepped 
from 2 V through 50 V (in 2 V steps for 1+ ions) or 1 V 
through 25 V (in 1 V steps for 2+ ions) in repeated runs for 
energy-resolved CID experiments. The product ion spectrum 
obtained at each collision energy was converted to a centroid 
peak list and used for calculating CID efficiency curves as fol-
lows: First, all the peak intensities from m/z 50 (the lower end 
of the recorded mass range) through the A+3 isotopic peak of 
1+ precursor ions were added to obtain the total ion intensity 
in each spectrum. The intensity of 1+ precursor ions in each 
spectrum was calculated by adding the intensities of the mono-
isotopic [M+H]+ peak and the isotopic peaks up to the A+3 
position. The intensity of 2+ precursor ions in each spectrum 
was calculated by adding the peak intensities in the m/z range 
between 0.25 u below to 1.75 u above of the m/z value corre-
sponding to the monoisotopic [M+2H]2+ peak. Each product 
ion spectra from doubly charged precursor ions was manually 
inspected to confirm no major product ion peaks (>1% of the 
total ion intensity) were present in the range of 2+ precursor 
ions. The sum of product ion intensities in each spectrum was 
obtained by subtracting the intensity of precursor ions from the 
total ion intensity. Finally, the sum of the product ion intensities 
was divided by the total ion intensity to calculate the CID effi-
ciency at each collision energy for plotting.

RESULTS AND DISCUSSION
In this study, we re-examined the low-energy CID product 

ion spectra of 3 and 4 by using a Q-TOF tandem mass spec-
trometer. In the LC–ESI mass spectra of 3 and 4, both [M+H]+ 
ions and some doubly charged ions were observed (Supple-
mentary Fig. S1). Initially, we focused on the fragmentation 
behavior of the [M+H]+ ions simply because our first goal was 
to understand why the singly protonated molecules of these 
compounds gave such different spectral patterns in the previ-
ous study.24) The CID product ion spectra from the [M+H]+ of 
3 and 4 are shown in Fig. 2; the assignments of major product 
ions shown on the structures were supported by the accurate 
mass measurements (Supplementary Tables S1 and S2).

The previously reported striking difference between 3 and 
4 was reproduced in the current study (i.e., no cleavages were 

observed in the cyclic peptide part of 4 [Fig. 2]). Interestingly, 
in addition to m/z 637, which corresponded to the intact 
cyclic part, strong ions at m/z 201 and 175 were observed 
in the CID spectrum of 4. These lower mass ions were not 
reported in the previous study using an ion trap mass spec-
trometer,24) presumably due to the lower-mass cutoff of the 
ion trap. Based on the accurate mass measurements (Table 
S2), m/z 201 and 175 were assigned to the fragment ions 
attributable to the arginine part as the putative ion structures 
shown in Fig. 2, panel B.

Observation of the arginine-part fragment ions led us 
to conjecture that the different behaviors of 3 and 4 could 
be understood based on the mobile proton model.27) This 
model provided a framework for understanding both the sur-
face-induced and collision-induced fragmentation behavior 
of protonated organic molecules.28,29) It has been well estab-
lished that the fragmentation behavior of linear peptide ions 
depends on the presence or absence of mobile protons, which 
can be affected by several factors, including the presence 
or absence of Arg residues. Under ESI conditions, peptides 
containing an Arg residue are considered to be protonated at 
the highly basic guanidino group. Because the proton binds 
to the guanidino group strongly and is not mobile, it cannot 
migrate to the peptide backbone to facilitate bond cleavages 
with charge-directed mechanisms. Consequently, the internal 
energy deposition required for fragmenting Arg-containing 
peptides is higher than that for Arg-free peptides. Because 
such differences in energy requirement can be visualized in 
fragmentation efficiency curves obtained by energy-resolved 
experiments,29) we ran energy-resolved CID MS/MS exper-
iments on anabaenopeptins to compare the fragmentation 
efficiency curve for each analogue. As shown in Fig. 3, the 
fragmentation efficiency curve for 4 was clearly shifted to 
the right from that for 3 (i.e., the energy requirement for 
fragmentation of the Arg-containing analogue (4) was much 
higher than that of 3). Because this observation was consistent 
with the mobile proton model, we hypothesized that the lack 
of fragmentation in the cyclic peptide part of 4 was attrib-
utable to a lack of proton mobility. This hypothesis could be 
tested by modifying the guanidino group in Arg to reduce 
proton affinity so that the proton mobility would increase.

A few derivatization/modification methods have been 
used for characterization of Arg-containing peptides by 
mass spectrometry. Such methods include the formation of 
pyrimidine derivative with acatylacetone30) or malondialde-
hyde,31) chemical conversion of Arg to ornithine residue,32) 
and enzymatic conversion of Arg to citrulline (Cit) residue by 
peptidyl arginine deiminase.26,33) To modify the Arg residue 
of 4, we applied the enzymatic conversion method, which 
can be carried out under very mild conditions. The proton 
affinity of the ureido group generated by the conversion 
should be much lower than that of the highly basic guanidino 
group, and hence the proton mobility should be increased. To 
verify this, we ran energy-resolved CID MS/MS experiments 
on citrullinated-anabaenopeptin B (5) obtained by the enzy-
matic digestion. In addition, we examined anabaenopeptin C 
(6), another naturally occurring anabaenopeptin21) that has 
an exocyclic lysine residue instead of Tyr in 4 or Arg in 5 as 
an additional reference.

The fragmentation efficiency curve for 5 (Fig. 4) looked 
quite similar to that for 3 (Fig. 3); the curve clearly demon-
strated that the fragmentation of 5 requires much less energy 
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A

B

Fig. 2.  Product ion spectra from the protonated molecules of anabaenopeptin A (3) and B (4) acquired at a 40 eV laboratory-frame collision energy 
with the assignments of characteristic fragment ions. The product ion spectrum of 3 (panel A) shows fragmentations attributable to various 
cleavages in the cyclic peptide structure. The numbers in parentheses beside each dashed line are nominal masses corresponding to the side of 
each formal cleavage site on the chemical structure for 3. The italicized numbers are nominal masses of actual fragment ions that were generated 
with hydrogen rearrangement(s). The fragment ion attributable to the intact cyclic peptide part (m/z 637) was also observed in the product ion 
spectrum of 4 (panel B). The spectrum data files are available in J-STAGE Data. https://doi.org/10.50893/data.massspectrometry.25232693

Fig. 3.  Fragmentation efficiency curves for anabaenopeptin A (3) and 
anabaenopeptin B (4) obtained by energy-resolved CID MS/MS 
experiments. CID, collision-induced dissociation; MS/MS, tan-
dem mass spectrometry. 

Fig. 4.  Fragmentation efficiency curves for citrullinated-anabaeno-
peptin B (5) and anabaenopeptin C (6) obtained by energy- 
resolved CID MS/MS experiments. CID, collision-induced 
dissociation; MS/MS, tandem mass spectrometry. 

https://doi.org/10.50893/data.massspectrometry.25232693
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compared to that of 4, as expected. This observation could be 
explained by the mobile proton model, namely, the increased 
(or restored) proton mobility of [M+H]+ of 5 facilitated the 
fragmentation under the CID conditions. The effect of proton 
mobilization was also clearly shown in the CID spectrum of 
5 (Fig. 5, panel A). The appearance of the spectrum changed 
dramatically from that of 4. The fragmentation pattern of 5, 
which included many product ions attributable to the cleav-
ages of the cyclic peptide part, looked quite similar to the 
fragmentation pattern of 3; indeed, the spectral pattern was 
improved by the removal of the guanidino group and resto-
ration of proton mobility.

Interestingly, although the fragmentation efficiency curve 
for 6 (Fig. 4) also showed a much smaller energy requirement 

compared to that for 4, the curve appeared to be a little 
less steep or slightly shifted towards the right compared to 
the curves for 3 and 5. The difference is likely attributable 
to the somewhat limited proton mobility caused by the 
Lys residue.27,29) The appearance of the CID spectrum of 6  
(Fig. 5, panel B) also suggested that the fragmentation of the 
Lys-containing analogue was a little more difficult than that 
of 3 or 5 but much easier than that of the Arg-containing 
analogue, 4. Some of the characteristic fragmentation in the 
cyclic peptide part was still visible in the CID spectrum of 6 
with relatively low intensities.

Since it was demonstrated that the lack of proton mobility 
limited the fragmentation from [M+H]+ of anabaenopeptin 
B (4), we have also looked at the fragmentation behaviors of 

A

B

Fig. 5.  Product ion spectra from the protonated molecules of citrullinated-anabaenopeptin B (5) (panel A) and anabaenopeptin C (6) (panel B) acquired 
at a 40 eV laboratory-frame collision energy with the assignments of characteristic fragment ions supported by the accurate mass measurements 
(Supplementary Tables S3 and S4). The numbers in parentheses beside each dashed line are nominal masses corresponding to the side of each for-
mal cleavage site on the chemical structures. The italicized numbers are nominal masses of actual fragment ions that were generated with hydro-
gen rearrangement(s). The spectrum data files are available in J-STAGE Data. https://doi.org/10.50893/data.massspectrometry.25232763 

https://doi.org/10.50893/data.massspectrometry.25232763
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the doubly protonated molecules of 4 and other anabaeno-
peptin analogues. In contrast to the striking differences 
in the CID spectra from [M+H]+ ions of anabaenopeptins 
A, B, citrullinated-B, and C, the [M+2H]2+ ions of these 
compounds showed more or less extensive fragmentations 
(Fig. 6). The onsets of the fragmentation efficiency curves 
were rather close to each other (Fig. 7). Such behaviors 
of the doubly charged cyclic peptide ions were consis-
tent with the behaviors of linear peptide ions explained 
by the mobile proton model.27) The model explains well 
the mechanism behind the fact that multiply protonated 

tryptic peptides with C-terminal Arg residue tend to give 
more fragment ions compared to singly protonated coun-
terparts under low-energy CID conditions.9) In a doubly 
protonated Arg-peptide, the first proton is sequestered 
at the Arg residue but the second proton is mobile and 
available to open various charge-directed fragmentation 
channels. Consequently, sequencing of linear peptides is 
often carried out by analyzing product ion spectra from 
multiply protonated precursor ions. However, the analysis 
of product ion spectra from cyclic peptides can be much 
more complicated than that of linear peptides. Therefore, 

A

B

C

D

Fig. 6.  Product ion spectra from the [M+2H]2+ ions of anabaenopeptin A (3) (panel A), anabaenopeptin B (4) (panel B), citrullinated-anabaenopeptin 
B (5) (panel C), and anabaenopeptin C (6) (panel D), acquired at a 20 eV laboratory-frame collision energy. Doubly charged ions are marked  
with #. The spectrum data files are available in J-STAGE Data. https://doi.org/10.50893/data.massspectrometry.25232774 

https://doi.org/10.50893/data.massspectrometry.25232774
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we looked at the product ion spectra from [M+2H]2+ of 
anabaenopeptins in detail.

In the case of anabaenopeptins, it turned out that the 
interpretation of product ion spectra from [M+2H]2+ of the 
cyclic peptides was not as easy as the interpretation of those 
from [M+H]+ ions. However, we have managed to assign the 
characteristic product ions from the [M+2H]2+ ions as shown 
in Fig. 8. First, some strong secondary neutral losses and 
doubly charged product ions were observed in the product 
ion spectra from the doubly protonated cyclic peptides. The 
neutral losses and doubly charged product ions complicated 
the spectral interpretation. In addition, although some of 
the fragmentation channels governed by mobile protons 
were considered to be restored by adding an extra proton to 
anabaenopeptin B, the observed fragmentation pattern from 
the Arg-containing cyclic peptide was somewhat different 
from the fragmentation patterns from the Arg-free ana-
logues. As shown in Fig. 8, a few product ions not containing 
the side-chain R residues were observed in the product ion 
spectra from [M+2H]2+ of anabaenopeptin A (3), citrullinat-
ed-B (5), and C (6). On the other hand, such product ions 
were missing in the product ion spectrum from [M+2H]2+ 
of anabaenopeptin B (4) (i.e., Arg-containing product ions 
dominated the product ion spectrum). Furthermore, the 
major doubly charged product ions from anabaenopeptin 
B (4) at m/z 362.711, 330.696, and 274.171 (Fig. 6, panel B)  
were assigned to Arg-containing product ions, namely, the 
doubly charged ions corresponding to the product ions at 
m/z 724.420, 660.387, and 547.340, respectively. It appears 
the additional (mobile) proton induced charge-directed 
fragmentation in the CID process while the proton on the 
Arg residue continued to be sequestered. Whether such 
characteristic of the Arg-containing cyclic peptide (4) helps 
structural characterization or not would depend on circum-
stances. However, if the structure of 4 was unknown, we can 
imagine that it would be rather difficult to characterize the 
Arg-containing peptide by using the CID-spectra of the Arg-
free analogues as templates, since the fragmentation pattern 
of the doubly protonated Arg-peptide (4) was not very close 

to that of the doubly protonated Arg-free analogues. There-
fore, for the purpose of structural characterization, it would 
be advantageous to take the previously mentioned enzymatic 
digestion strategy that allows the mobilization of a proton in 
singly charged precursor ions instead of looking at doubly 
protonated precursor ions.

CONCLUSIONS
The mobile proton model explained well why the frag-

mentation pattern of anabaenopeptin B (4) was completely 
different from those of the other anabaenopeptins. 1) Both 
the higher onset of the fragmentation efficiency curve and 
the smaller number of fragment ions from [M+H]+ of 4, 
the Arg-containing cyclic peptide, were a consequence of 
the lack of proton mobility; the lack of proton mobility pro-
hibited the opening of the charge-directed fragmentation 
channels observed in other analogues. 2) The fragmentation 
of Arg-containing cyclic peptides may be facilitated by the 
restoration of proton mobility, which could be achieved by 
enzymatic conversion of the guanidino group into a ureido 
group with PAD4, as demonstrated in the case of conversion 
from 4 to the citrullinated analogue, 5. The fragmentation of 
the Arg-containing peptide (4) can also be facilitated by the 
additional (mobile) proton in the doubly protonated precur-
sor ions. However, the CID spectral pattern of the doubly pro-
tonated Arg-peptide was different from those of the doubly 
protonated Arg-free analogues. Obviously, in addition to the 
presence or absence of a mobile proton, the number of mobile 
protons in the precursor ions and/or the presence or absence 
of sequestered proton at the Arg-residue affected the CID 
spectral patterns of the analogous cyclic peptide structures.

It is an inconvenient reality that “analogous structures” do 
not always give similar CID spectral patterns; we cannot cur-
rently avoid this problem in the structural characterization 
process. However, our current results suggest that mechanis-
tic considerations may help us to understand why fragmenta-
tion behavior changes so that we can find a way to transform 
the spectral patterns into preferable ones.

Fig. 7.  Fragmentation efficiency curves for the [M+2H]2+ ions of anabaenopeptin A (3), anabaenopeptin B (4), citrullinated-anabaenopeptin B (5), and 
anabaenopeptin C (6). CID, collision-induced dissociation. 
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