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De novo sequencing is still essential in the identi�cation of peptides and proteins from unexplored organ-
isms whose sequence information is not available. One of the remaining problems in de novo sequencing 
is discrimination between Leu and Ile residues. �e discrimination is possible based on di�erences in side 
chain fragmentation between Leu and Ile under high-energy collision-induced dissociation (HE-CID) con-
ditions. However, this is observed only when basic residues, such as Arg and Lys, are present near the N- or 
C-terminal end. It has been shown that the charge derivatization at the N-terminal end by a quarternary 
ammonium or phosphonium moiety facilitates the side chain fragmentation by HE-CID. However, the ef-
fective backbone fragmentation by low-energy CID (LE-CID) is o�en hampered in those derivatives with 
a �xed charge. Previously, we demonstrated that the N-terminal charge derivatization with the structures 
having high proton a�nity induced the preferential formation of b-ions under LE-CID conditions, al-
lowing straightforward interpretation of product ion spectra. In the present study, we further investigated 
whether the same derivatization approach is also e�ective for discrimination between Leu and Ile under 
HE-CID conditions. Consequently, the side chain fragmentation of Leu and Ile residues was most e�ec-
tively enhanced by the N-terminal derivatization with 4-(guanidinomethyl)benzoic acid among the tested 
structures. �is derivatization approach, which is compatible with both HE- and LE-CID analysis, o�ers a 
straightforward and unambiguous de novo peptide sequencing method.
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INTRODUCTION

As the number of primary sequences in public databases 
continue to grow due to the recent availability of extensive 
genomic information, protein identi�cation can be readily 
achieved by comparing uninterpreted spectra obtained by 
tandem mass spectrometry with those constructed based 
on the amino acid sequences in the database.1) However, 
this methodology is only applicable to the components of 
major organisms whose genomic information is available. 
In addition, since many of the peptides or proteins in nature 
are modi�ed post-translationally, their complete structural 

determination is di�cult only by the database-dependent 
techniques. �us, the identi�cation of unknown peptides 
and proteins from unexplored organisms still strongly relies 
on de novo sequencing techniques, in which the amino acid 
sequences are deduced by interpretation of their product ion 
spectra.2)

De novo sequencing is based on the mass di�erences 
between a series of fragment ions of peptides generated by 
collision-induced dissociation (CID). One of its di�culties 
is discrimination between Leu and Ile residues in peptides.3) 
�is discrimination is possible by analyzing the di�erences 
in dissociation patterns of their branched alkyl side chains 
to form d- and w-ions under high-energy CID (HE-CID) 
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conditions (Fig. 1). However, since this dissociation oc-
curs through charge-remote fragmentation pathways, the 
existence of basic residues such as Arg and Lys are required 
near the N- or C-terminal end.4) For the peptides without 
basic residues, it has been shown that the derivatization of 
the N-terminal amino group of peptides with the positively-
charged moieties, such as quarternary ammonium and 
phosphonium, e�ectively enhances the dissociation of 
side chains of Leu and Ile.5,6) Although this derivatization 
enabled the successful discrimination between Leu and 
Ile, the relationship between the basicity of the derivatiza-
tion reagents and the e�ects on dissociation of Leu/Ile side 
chains is poorly understood. Meanwhile, the derivatization 
with a “�xed” charge is generally accompanied by the loss 
of mobile protons from the N-terminal amino group, which 
adversely a�ects the backbone fragmentation of a peptide 
under low-energy CID (LE-CID) conditions.7) Besides, it is 
di�cult to obtain high-resolution product ion spectra by 
TOF-TOF instruments, which have been widely used for 
HE-CID analysis in recent years. �erefore, it is practically 
impossible under their operating conditions to resolve a 
very small mass di�erence between Lys and Gln (0.0364 Da) 
for the discrimination of these two amino acids, another 
di�culty in de novo sequencing. In this case, the use of LE-
CID has a de�nite advantage in obtaining high-resolution 
product ion spectra by using instruments such as quadru-
pole-TOF, ion trap-TOF and Orbitrap mass spectrometers. 
�is also indicates that the combined use of HE- and LE-
CID analyses is necessary for the complete de novo sequenc-
ing of wide variety of peptides and proteins. �us, the 
N-terminal derivatization approaches compatible with both 
HE- and LE-CID analyses are highly desirable for this pur-
pose. Although sample quantities su�cient for conducting 
both analyses are required, it may not practically become a 
problem due to the high sensitivity of recent instruments.

Previously, we demonstrated that the N-terminal charge 
derivatization with the structures having high proton a�n-
ity induced the preferential formation of b-ions under LE-

CID conditions to facilitate the interpretation of product ion 
spectra.8) It is known that a guanidino group of an Arg resi-
due has high proton a�nity, which retains a proton on that 
residue to generate d-ions by charge-remote fragmentation 
under HE-CID conditions if it exists at or near the N-termi-
nus.9) �is suggests that the N-terminal derivatization with 
the structures having high proton a�nity may facilitate the 
side-chain fragmentation to discriminate between Leu and 
Ile under HE-CID conditions in addition to its improve-
ment e�ect on fragmentation under LE-CID conditions. In 
the present study, we examined the e�ects of this derivatiza-
tion approach on fragmentation of the alkyl side chains of 
Leu and Ile residues in peptides under HE-CID conditions. 
�e usefulness of this technique for de novo sequencing was 
also demonstrated using model peptides containing Leu or 
Ile.

MATERIALS AND METHODS

Chemicals
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpho-

linium chloride (DMT-MM) was obtained from Kokusan 
Chemical (Tokyo, Japan). 4-Imidazolecarboxylic acid was 
purchased from Tokyo Chemical Industry (Tokyo, Japan). 
4-(Guanidinomethyl) benzoic acid, nicotinoyloxysuccin-
imide and 4-amidinobenzoyloxysuccinimide were synthe-
sized as described in the literatures.8) �e peptides used in 
this study were synthesized in our laboratory.

Peptide derivatization
For derivatization with 4-amidinobenzoic acid or nico-

tinic acid, the succinimide ester of each compound was dis-
solved in phosphate bu�er (250 mM, pH 8.5) at a concentra-
tion of 2.5 mM, and mixed with peptides (0.25 mM) at room 
temperature overnight. �e derivatized peptides were puri-
�ed by reversed phase (RP)-HPLC (H2O/CH3CN with 0.1% 
TFA). For derivatization with 4-imidazolecarboxylic acid 
or 4-(guanidinomethyl) benzoic acid, each compound was 

Fig. 1. Di�erence of side-chain fragmentation between Leu and Ile under HE-CID conditions.9)
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dissolved in DMSO at a concentration of 2.5 mM and mixed 
with peptides (0.25 mM) and DMT-MM (2.5 mM). �e re-
sultant mixture was stirred at room temperature overnight. 
�e derivatized peptides were puri�ed by RP-HPLC (H2O/
CH3CN with 0.1% TFA).

Mass spectrometric analysis
HE-CID spectra were obtained using a JMS-S3000 

SpiralTOF mass spectrometer (JEOL, Tokyo, Japan). �e 
sample dissolved in H2O containing 0.1% TFA was mixed 
with a matrix solution containing 30 mg/mL of α-cyano-4-
hydroxycinnamic acid and 233 mg/mL of 3-aminoquino-
line in methanol, and 1 µL of the solution was spotted on 
the MALDI sample target. �e data acquisition conditions 
(i.e., the laser power and number of laser irradiations) were 
optimized to obtain product ion mass spectra of the frag-
ment peaks that had high intensity and high signal-to-noise 
ratios. All mass spectra were externally calibrated, with the 
standards deposited on the surface of the metal plate.

LE-CID spectra were obtained using an LCMS-IT-TOF 
mass spectrometer (Shimadzu, Kyoto, Japan) equipped 
with an electrospray ion source in the positive mode. HPLC 
separation was carried out on a micro column, TSKgel 
ODS-100 V, 150×1.0 mm ID (Tosoh, Tokyo, Japan). �e 
column was eluted at a �ow rate of 50 µL/min with a 25 min 
linear gradient of 5 to 50% CH3CN in H2O with 0.1% formic 
acid.

RESULTS AND DISCUSSION

Figure 2 shows the structures of derivatization reagents 
used in this study, which contain an imidazole, pyridine, 
amidine or guanidine moiety. Of these, 4-guanidinomethyl-
benzoic acid (Gmb) has the highest proton a�nity, followed 
by 4-amidinobenzoic acid (Aba), 4-imidazolecarboxylic acid 
(Iza) and nicotinic acid (Nic) in descending order. In the 
present study, we evaluated the e�ect of these basic moieties 
in derivatized peptides on the generation of fragment ions, 
such as d-ions, required for Leu/Ile discrimination under 
HE-CID conditions using a JMS-S3000 SpiralTOF mass 
spectrometer. �is apparatus has been shown to produce 
product ions mainly by HE-CID fragmentation pathways 
without inclusion of the post-source decay ions in the spec-
tra.10)

E�ect of derivatization on d-ion generation
�e model peptide (AAGLQIA) in this study was chosen 

to discriminate Leu and Ile residues in a single peptide. 
Relative intensities of d4 and da6 ions necessary for assign-
ment of Leu and Ile, respectively, were compared among de-
rivatized peptides (Fig. 3a). From an Ile residue, db-ion also 
can be generated, but its intensity is o�en lower than that of 
da-ion.6) First, the HE-CID spectrum was obtained without 
derivatization (Fig. 3b). �e intensity of b-ions was relatively 
high in the product ion spectrum, but the intensity of d-ions 
(d4 and da6) was marginal due to absence of basic residues 
near the N-terminus, making it di�cult to unambiguously 
determine these residues as Leu or Ile. �e similar spectra 
were obtained when Nic or Iza was used for derivatization 
(Figs. 3c and 3d). It is known that charge-remote fragmen-
tation facilitated by the “immobilized” proton at the N-
terminal basic residue competes with backbone fragmenta-

tion triggered by mobile protons attached to amide nitrogen 
atoms.11) �erefore, it is likely that the basicity of Nic or Iza 
is not high enough to retain protons at the N-terminus to ef-
fectively induce charge-remote fragmentation, and that the 
protons are transferred to amide bonds to generate b- or y-
ions. On the other hand, derivatization with Aba and Gmb 
lead to generation of d-ions with signi�cant intensity, which 
is su�cient for Leu/Ile discrimination (Figs. 3e and 3f). 
�ese results indicate that the proton a�nity higher than 
that of Aba at the N-terminus is necessary for preferential 
generation of d-ions under these conditions. In particular, 
derivatization with Gmb gave the highest intensity of d-ions 

Fig. 2. Chemical structures used for derivatization. PA: Proton a�n-
ity (kcal/mol).
aValues were calculated as previously described.8) bValues were 
taken from the literature.8)
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among four structures used in this study, in which db6-ion 
was also observed. �is is consistent with the previous ob-
servations that an Arg residue, which has a guanidino group 
in its side chain, at or near the N-terminus has the most sig-
ni�cant in�uence on generation of d-ions compared to other 
basic residues such as Lys and His.4) Since we have shown 
that Gmb is e�ective for improving the backbone fragmen-
tation of peptides under LE-CID conditions,8) derivatization 
with Gmb was further evaluated for its usefulness in de novo 
sequencing in the following section.

De novo sequencing assisted by Gmb-derivatization
�e usefulness of Gmb-derivatization in de novo sequenc-

ing was evaluated using enzymatic digests of the scorpion 
toxin LaIT1 as a model peptide12) (Table 1). In this study, de 
novo sequencing was performed using the following proce-
dure; (1) derivatization with Gmb, (2) HE-CID analysis to 
estimate the sequence including Leu/Ile discrimination, (3) 
high-resolution LE-CID analysis to reinforce the sequence 
data obtained under HE-CID conditions.

First, product ion spectra were obtained for three pep-
tides without Gmb derivatization. �e product ion spectra 

obtained by HE-CID analysis provided insu�cient infor-
mation for sequence determination, especially for peptides 
1 and 2 (Figs. 4a, 4c and 4e). �is is due to the presence of 
Pro residues in the sequence, which o�en yields incomplete 
dissociation at its C-terminal side. Besides, d-ions were not 
observed for all three peptides because basic residues were 
absent in the N-terminal region. In the case of peptide 1 
(DFPLSK), wa3-ion, which allows the assignment of 4th 
residue as Leu, was observed, but its interpretation could be 
di�cult due to the insu�cient backbone fragmentation (Fig. 
4a). �e product ion spectra obtained under LE-CID condi-
tions did not facilitate the sequence determination (Table 1 
and Fig. S1). �ese results indicate that de novo sequencing 
is not possible without derivatization.

�en, the peptides were derivatized with Gmb using 
DMT-MM as described above. Gmb-derivatization greatly 
improved the fragmentation e�ciency under HE-CID 
conditions, and d-ions were clearly observed in the spectra 
as well as backbone fragment ions such as a- and b-ions 
(Figs. 4b, 4d and 4f). Derivatized peptide 1 (Gmb-DFPLSK) 
showed all series of a-ions, and Leu/Ile discrimination at the 
4th residue was possible by observation of d4-ions, allowing 

Fig. 3. HE-CID spectra of the model peptide. Possible fragment ions generated from the peptide (a). Product ion spectra of the peptide without 
derivatization (b), derivatized with Nic (c), Iza (d), Aba (e) and Gmb (f).
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estimation of the full sequence (Fig. 4b). �e information 
of the LE-CID product ion spectrum was su�cient enough 
to con�rm the sequence estimated by HE-CID analysis 

(Table 1 and Fig. S1). Similarly, the HE-CID spectrum of 
derivatized peptide 2 (Gmb-CQPPLK) showed all series of 
a-ions, and the presence of d5-ion allowed the assignment 

Table 1. Fragmentation of LaIT1 digests under LE-CID conditions.

Fig. 4. HE-CID spectra of tryptic digests of LaIT1 without derivatization (a, c and e), and derivatized with Gmb (b, d and f). Single and double 
quotation marks in b-ions indicate bn-NH3 and bn+H2O, respectively.
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of the 5th residue as Leu (Fig. 4d). �e estimated sequence 
was con�rmed by the product ion spectrum under LE-CID 
conditions, in which all series of b-ions were detected (Table 
1 and Fig. S1). In the case of derivatized peptide 3 (Gmb-
AQICVDPK), most of the backbone fragment ions were 
observed, and da3- and db3-ions, which allowed the assign-
ment of the 3rd residue as Ile, were clearly detected under 
HE-CID conditions. �e assignment of 4th and 5th residues 
was di�cult because a4-ion was not clearly detected in this 
spectrum (Fig. 4f). It is possible that a4-ion easily converted 
into d4-ion through elimination of CH3SH, because d4-ion 
was observed at relatively high intensity.13) On the other 
hand, the spectrum obtained by the LE-CID analysis, in 
which all series of b-ions were detected, could resolve this 
ambiguity to completely determine the sequence (Table 
1 and Fig. S1). �ese results clearly demonstrate that the 
combination of HE-CID and LE-CID analysis coupled with 
Gmb-derivatization allows the complete determination of 
the peptides sequences without Arg residues at the N- or C-
terminus.

CONCLUSION

For the discrimination of isomeric Leu and Ile, various 
methods have been developed for several decades.6,14–16) 
Among them, observation of their side chain fragmenta-
tion such as d- and w-ions under HE-CID conditions is the 
most straightforward method. With the advent of TOF-TOF 
instruments, access to the HE-CID analysis becomes much 
easier than before, which had been available only by sec-
tor instruments. �e major drawback of this method is the 
requirement of basic residues near the N- or C-terminal end 
of peptides, but there have been few studies addressing this 
problem. In this study, we attempted to introduce a charged 
moiety having various proton a�nities into the peptide N-
terminus, and found that the N-terminal modi�cation with 
Gmb, which containing a guanidino group, is most e�ective 
for enhancing the generation of d-ions under HE-CID con-
ditions. Unlike previous methods using derivatives having 
a �xed charge, our approach has an additional e�ect on im-
provement of fragmentation under LE-CID conditions. �e 
method proposed in this study will facilitate the complete 
de novo sequencing of bioactive peptides from unexplored 
organisms.
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