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Transient Conformations Leading to Peptide Fragment
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Threonine-, and/or Cysteine-Containing Peptides
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Abstract: The formation of a peptide fragment ion [c + 2H]+ was examined using ultraviolet matrix-
assisted laser desorption/ionization in-source decay mass spectrometry (UV/MALDI-ISD MS).
Unusually, an ISD experiment with a hydrogen-abstracting oxidative matrix 4-nitro-1-naphthol
(4,1-NNL) resulted in a [c + 2H]+ ion when the analyte peptides contained serine (Ser), threonine
(Thr), and/or cysteine (Cys) residues, although the ISD with 4,1-NNL merely resulted in [a]+ and
[d]+ ions. The [c + 2H]+ ion observed could be rationalized through intramolecular hydrogen atom
transfer (HAT), like a Type-II reaction via a seven-membered conformation involving intramolecular
hydrogen bonding (HB) between the active hydrogens (–OH and –SH) of the Ser/Thr/Cys residues
and the backbone carbonyl oxygen at the adjacent amino (N)-terminal side residue. The ISD of
the Cys-containing peptide resulted in the [c + 2H]+ ions, which originated from cleavage at the
backbone N-Cα bonds far from the Cys residue, suggesting that the peptide molecule formed 16-
and 22-membered transient conformations in the gas phase. The time-dependent density functional
theory (TDDFT) calculations of the model structures of the Ser and Cys residues indicated that the
Cys residue did not show a constructive bond interaction between the donor thiol (-SH) and carbonyl
oxygen (=CO), while the Ser residue formed a distinct intramolecular HB.

Keywords: MALDI-ISD; hydrogen atom transfer; hydrogen bonding; [c + 2H]+ ion; Ser/Thr/
Cys-based peptides; type II reaction

1. Introduction

Hydrogen atom transfer (HAT) via hydrogen-bonding (HB) plays an essential role
in basic and applied chemical interests in a wide variety of photo-induced reactions [1–4]
and in the fragmentation in mass spectrometry (MS) [5,6]. HAT results in radical-induced
dissociation (RID) reactions, such as McLafferty rearrangement [5,6] and in-source decay
(ISD) coupled with ultraviolet matrix-assisted laser desorption/ionization MS (UV/MALDI
MS) [7,8]. The UV/MALDI-ISD is a practical method for the top-down sequencing of
peptides and proteins [7,8]. The ISD is a method based on the intermolecular HAT, which
occurs by HB between the peptide backbone amide region (–CO-NH–) and the functional
groups of the matrix materials for MALDI experiments [9]. Furthermore, the ISD can be
classified into two categories, namely reduced ISD and oxidized ISD, according to the
chemical properties of the matrix functional groups, such as hydrogen-donating phenolic
and anilinic groups (Ph-OH and Ph-NH2) [9–12], and as hydrogen-abstracting nitro (Ph-
NO2) and carbonyl (Ph-CO–) groups [13,14], respectively. Both reduced and oxidized ISD
processes occur within several tens of ns via intermolecular collisional interactions between
the matrix and peptide/protein molecules electronically and vibrationally excited with UV
photon absorption. It was known that the electronic excitation of matrix molecules caused
by UV photon absorption results in the formation of protons, free electrons, abundant
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hydrogen atoms, peptide fragment ions, and the hydrogen-excess molecular ion [M + 2H]+·
due to intermolecular HAT [15–18]. The reduced ISD of peptides and proteins results in a
preferential fragment ion [c + 2H]+ originating from cleavage at the N-Cα bond between
amide nitrogen (N) and alpha carbon (Cα) of the peptide backbone, while the oxidized
ISD results in [a]+ and [d]+ ions, as illustrated in Schemes 1 and 2. Here, I have obeyed
the proposed nomenclature for peptide fragment ions [19]. It is important to recognize
that both the reduced and oxidized ISDs occur via pre-formed intermolecular HB between
the backbone amide region and the functional group of matrices (see the left-hand side of
Scheme 1) [9].
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Scheme 1. (a) Reduced ISD for generating [c + 2H]+ using a hydrogen-donating matrix (Ph-NH2) [9–
12] and (b) oxidized ISD for generating [a]+ ions using a hydrogen-abstracting matrix (Ph-NO2) 
[13,14], via intermolecular hydrogen bonding between matrix and peptide molecules. The dashed 
arrow represents the direction of hydrogen transfer via hydrogen bonding. 
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Scheme 1. (a) Reduced ISD for generating [c + 2H]+ using a hydrogen-donating matrix (Ph-NH2) [9–12]
and (b) oxidized ISD for generating [a]+ ions using a hydrogen-abstracting matrix (Ph-NO2) [13,14], via
intermolecular hydrogen bonding between matrix and peptide molecules. The dashed arrow represents
the direction of hydrogen transfer via hydrogen bonding.
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Scheme 2. Radical-induced dissociation pathways for the formation of [a]+ and [d]+ ions in the
oxidized ISD [13,14]. (a) Pathway for both [a]+ and [d]+ ions via a radical species originating from
cleavage at the Cα-C bond. (b) Pathway for only [a]+ ion.
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Thomas et al. reported that when using collision-induced dissociation (CID) coupled
with an ion-trap mass spectrometer, the CID spectra of peptide radical cations [M]+. result-
ing in unusual fragment ions, such as [c + 2H]+ and [a + H]+. Ions, when analyte peptides
contained serine (Ser) and/or threonine (Thr) residues [20]. They demonstrated that the a
[c + 2H]+ ion could be formed by donating and abstracting hydrogen via intramolecular
HB between the hydroxy group (–OH) of Ser/Thr residues and the backbone region. Inter-
estingly, the radical-induced cleavage at the backbone N-Cα bond to form the [c + 2H]+

ion was asymmetric with respect to the amino (N)- and carboxyl (C)-terminal sides of the
Ser/Thr residues, despite the Ser/Thr hydroxy groups making it possible to form HB, with
both side carbonyl groups via seven- and six-membered transition states, respectively, as
shown in Scheme 3, although the six-membered hydrogen-bonding conformers (Scheme 3,
right) have often been proposed in the condensed-phase study of Ser-based peptides [21].
Although the formation of the biradical species in Scheme 3 could be strongly supported
from Type-II reactions [1], the CID spectra did not show the [cn+1 + H]+· ion originating
from the C-terminal N-Cα bond cleavage [20]. Based on an energy diagram based on DFT
calculations, Thomas et al. also described that both N-terminal seven- and C-terminal
six-membered transition states via the intramolecular HB of Ser/Thr residues favored only
the N-terminal N-Cα bond cleavage in order to form a [c + 2H]+ ion. We recently reported
that some peaks may be assigned as [c + 2H]+ ions in the oxidized ISD experiments of
peptides even when a hydrogen-abstracting oxidative matrix 4-nitro-1-naphthol (4,1-NNL)
was used [22], while the oxidized ISD of the peptides using 4,1-NNL merely yielded [a]+

and [d]+ ions originating from cleavage at the Cα-C bond [23]. Fukuyama et al. also
reported that when using the oxidized ISD with 3-hydroxy-4-nitrobenzoic acid as a matrix,
the [c + 2H]+ ion peaks could be seen as well as a number of [a]+ ion peaks, without
mechanistic considerations for the [c + 2H]+ ion [24]. Based on the fact that the peptides
used for the oxidized ISD experiments, as described above, contained Ser, Thr, and/or
cysteine (Cys) residues [22–24], it was likely that the oxidized ISD experiments would
result in [c + 2H]+ ions when the analyte peptides contained Ser, Thr, and/or Cys residues.
The hydroxy and thiol active hydrogens (-OH and -SH) of Ser/Thr/Cys residues were
capable of donating through HB to acceptors such as the lone-pair electrons of the oxygen,
nitrogen, and sulfur atoms. This suggested that the reduced ISD could occur through the
formation of intramolecular HB or right transient conformations, which would enable
effective intramolecular HAT processes to occur, even under oxidative ISD conditions with
an oxidative matrix.
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Scheme 3. Two possible mechanisms for the formation of [c + 2H]+ and [cn+1 + H]+· ions produced
by RID via seven- and six-membered intramolecular hydrogen-bonding at the N-terminal (left) and
C-terminal side (right).
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Here, I report on ISD experiments showing the definite formation of the [c + 2H]+ ion
originating from cleavage at the backbone N-Cα bond of Ser, Thr, and Cys residues, using
systematically synthesized peptides. It was confirmed that the [c + 2H]+ ion was formed
by the intramolecular HAT from the active hydrogens (–OH and –SH) of Ser/Thr/Cys
residues to the backbone carbonyl oxygen of the N-terminal side before the residue, and also
the residues far from Ser/Cys residues. It also was proved, especially, that the [c + 2H]+

ion observed in the oxidized ISD of the Cys-containing peptide could be produced by
the intramolecular HAT via 16- and 22-membered transient conformations involving in-
tramolecular HB. The DFT and time-dependent (TD) DFT calculations were performed to
estimate the intramolecular HB of the models of Ser/Thr/Cys residues.

2. Results and Discussion
2.1. The [c + 2H]+ Ion Formation of a Ser-Based Peptide in Oxidative ISD with a
Hydrogen-Abstracting Oxidative Matrix

First of all, the typical reduced ISD spectra of a Ser/Thr/Cys free peptide LRAGly14
obtained with 2 different hydrogen-donating reductive matrices, 1,5-dihydroxy naphtha-
lene (1,5-DHN) and 2,5-dihydroxy benzoic acid (2,5-DHB), were compared, as shown in
Figure 1. Although the spectra preferentially showed the fragment ion peaks corresponding
to the [c + 2H]+ ion originating from cleavage at the N-Cα bond of the peptide backbone, oc-
curring through HAT from the matrix to the backbone carbonyl oxygen (Scheme 1a), the use
of 2,5-DHB resulted in some [a]+ ion peaks (Figure 1b). As was already reported [13,14,25],
the functional carbonyl group of the matrix compounds played a hydrogen-abstraction
role in the backbone amide region of the peptides to form the [a]+ ion, as illustrated in
Scheme 4b. The 2,5-DHB has a dual capability of hydrogen donating and accepting due
to the presence of a hydrogen donor (Ph-OH) and acceptor (Ph-CO-). In the absence
of hydrogen-abstracting groups, such as carbonyl and nitro groups in the matrix com-
pounds, the ISD spectra of peptides produced few [a]+ ions (i.e., Figure 1a), with 1,5-DHN
merely showing the [c + 2H]+ ion. Figure 1b shows that the presence of a carbonyl group
(even in a carboxyl group) as a hydrogen acceptor was noteworthy at all events involving
inter-molecular HB, as shown in Scheme 4.
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Figure 2 shows the oxidized ISD spectra of 3 synthetic peptides, LRASer14, LRAGly14,
and LRAGlu14, which differ in the 14th amino acid residue (Ser14, Gly14, Glu14), obtained
using a hydrogen-abstracting oxidative matrix 4,1-NNL. All the spectra showed [a]+ and
[d]+ ions originating from cleavage at the backbone Cα-C bond and the loss of a side chain
from the [a]+ ion, respectively, as shown in Scheme 2. Interestingly, the ISD spectrum of the
Ser14-containing peptide LRASer14 showed peaks at m/z 1098 and 1411, corresponding to
the [c10 + 2H]+ and [c13 + 2H]+ ions originating from cleavage at the N-Cα bond of the
Leu10-Glu11 and the Leu13-Ser14 residues, respectively, as shown in Figure 3. In Figure 2b,
the ISD spectrum of the Gly14-containing peptide was lacking in [a14]+ ions, originating
from cleavage at the Cα-C bond of the Gly14-Ala15 residues, as already reported [13,14].
Although the [c10 + 2H]+ ion at m/z 1098 originating from the cleavage at the Leu10-Glu11
residues was shown in Figure 3, the ISD spectrum of Glu14-containing peptide LRAGlu14
did not show the [c13 + 2H]+ ion originating from the cleavage at the Leu13-Glu14 residues
(Figure 2c). This showed that the [c10 + 2H]+ ion observed in Figure 3 was not formed by
the presence of the Glu11 residue but by the presence of the Ser14 residue. This was of
interest from the standpoint of the source of the hydrogen, because the backbone carbonyl
oxygen of the Leu10 residue far from the Ser14 residue and the formation of the [c10 + 2H]+

ion at m/z 1098 needed an intramolecular HAT via a 16-membered transition state between
the hydroxyl hydrogen of the Ser14 residue and the carbonyl oxygen of the Leu14 residue,
as shown in Scheme 5a. Although the formation of the [c13 + 2H]+ ion at m/z 1411 could be
easily explained by intramolecular HAT via a seven-membered transition state (Scheme 5b),
the formation of the [c10 + 2H]+ ion at m/z 1098 required a suitable conformation of the
peptide molecule for the HAT process to occur. Interestingly here, the N-Cα bond cleavage
to form [c + 2H]+ ions was asymmetric with respect to both the N- and C-terminal sides
of the residue of interest, i.e., the N-Cα bond cleavage at the N-terminal side of the Ser
residue, as occurred in Scheme 3 (left) and as shown in Figure 3 and Scheme 5. It should be
emphasized that the formation of the biradical species in Scheme 3 (left) and Scheme 5b
could be rationalized by a UV-induced Type-II reaction, which was a photochemical,
intramolecular hydrogen abstraction via a seven-membered transition state of ketones [1].
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2.2. Influence of Cys Residue on the [c + 2H]+ Ion Formation

To further confirm the influence of the active hydrogen upon the [c + 2H]+ ion forma-
tion, as described above, 2 different synthetic Ser/Thr/Cys-based peptides, RAGThr8Ser10
and RAGThr8Ser10Cys12, were used to examine the influence of Cys residue in the oxidized
ISD with 4,1-NNL. The ISD spectrum of the Cys-containing peptide RAGThr8Ser10Cys12
showed relatively intense peak heights of [c + 2H]+ ions, i.e., [c6 + 2H]+ at m/z 633,
[c7 + 2H]+ at m/z 690, [c8 + 2H]+ at m/z 792, [c9 + 2H]+ at m/z 862, [c9 + 2H]+ at m/z 949,
and [c11 + 2H]+ at m/z 1021, as shown in Figure 4a, while the spectrum of RAGThr8Ser10
simply showed two [c7 + 2H]+ and [c9 + 2H]+ ions originating from cleavage at the N-
Cα bond of Thr and Ser residues (Figure 4b). Although the formation of the [c7 + 2H]+,
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[c9 + 2H]+, and [c11 + 2H]+ ions of both peptides could be easily explained by the in-
tramolecular HAT via the seven-membered transition state involving HB without an
assumption of any complex conformations of peptide molecules, as shown in Scheme 6,
it seemed to be difficult to explain the formation of the [c6 + 2H]+ ion at m/z 633 and the
[c8 + 2H]+ ion at m/z 792 originating from cleavage at the N-Cα bond of the Ala6-Gly7 and
Thr8-Ala9 residues, respectively.
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and (c) [c10 + 2H]+ ions.

Comparing the oxidized ISD spectra of the peptides with and without Cys residue
in Figure 4, it could be presumed that the [c6 + 2H]+, [c8 + 2H]+, and [c11 + 2H]+ ions
could be formed by the presence of the Cys12 residue. In particular, it should be noted that
the sites of the N-Cα bond of the Ala6-Gly7 and Thr8-Ala9 residues to produce [c6 + 2H]+

and [c8 + 2H]+ ions were far from the Cys12 residue for forming the intramolecular HB.
Although it was difficult to decide on the precise structures of the conformations of the
peptides in the gas phase, it was possible to propose that the [c + 2H]+ ions could be
generated from appropriate conformations that enabled the intramolecular HAT to occur.
The flexibility of the peptide molecules might temporarily form the right conformations.
Here, I supposed two transient conformations for explaining the [c6 + 2H]+ and [c8 + 2H]+

ions that were formed by the intramolecular HAT from the thiol (–SH) of the Cys12 residue
to the amide carbonyl oxygens (–CO-NH2–) of the Ala6-Gly7 and Thr8-Ala9 residues,
respectively, as shown in Scheme 7. With respect to the intramolecular HAT used to form
[c]− and [y]− ions, we had reported that in a negative-ion CID study of deuterated-peptides,
at least three-, four-, six-, seven-, eight-, and nine-membered ring conformations could
be transiently formed due to the flexibility of gas-phase peptides [26]. Therefore, it was
reasonable to propose that the intramolecular HAT of the peptide RAGThr8Ser10Cys12
could produce the [c6 + 2H]+ and [c8 + 2H]+ ions through the 22- and 16-membered
transient conformations involving intramolecular HB. Consequently, the side chain of the
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Cys residue could more flexibly interact with the backbone carbonyl oxygen via transient
conformations than that of the Ser and Thr residues. The [c + 2H]+ ion formation at the sites
remote from Ser/Cys residues, as observed in Figures 2a and 4a, indicated that, in general,
the gas-phase peptide molecules flexibly changed in the conformation involving transient
intramolecular HB and HAT, leading to the formation of radicals and the radical-initiated
cleavages, such as the ISD reactions for the formation of the [c + 2H]+ ions. With respect
to the Cys-containing peptides, it should be noted that unexpected disulfide bridges were
rarely formed intra- and inter-molecularly during sample preparation [27,28]. The Cys-
containing peptide RAGThr8Ser10Cys12 used here did not form oxidized dimeric products
during the sample preparations by means of the mass spectral evidence.
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Scheme 7. Proposed 22- (upper) and 16-membered (lower) transient conformations of the peptide
RAGThr8Ser10Cys12 for the formation of the [c6 + 2H]+ and [c8 + 2H]+ ions.

Next, I will describe the unexpectedly intense peaks corresponding to the [c + 2H + 28]+

ions at m/z 661, 718, 820, and 891, observed in the oxidized-ISD spectra of RAGThr8Ser10
and RAGThr8Ser10Cys12 (Figures 4 and 5). These ion peaks were accompanied by the
[c + 2H]+ ion, independent of the presence of Cys residue. Since the reductive ISD spectra
with a hydrogen-donating matrix did not show such unexpected ions, as shown in Figure 1,
it suggested that the [c + 2H]+ and [c + 2H + 28]+ ions were competitively produced by
associating with the intramolecular HAT and some action(s) of the hydrogen-abstracting
matrix. Regarding this, I had reported that the oxidative ISD of the peptides resulted in an
oxidative product ion [a + O]+ caused by an attack of the hydroxyl radical (Ho·) as a strong
oxidant generated from the nitro group of the matrix [22]. It should be noted, on the other
hand, that the mass of the [c + 2H + 28]+ ion agreed with that of [a + O − sidechain]+ or
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[d + O·−·CH2]+ ions, as was demonstrated in Scheme 8. Although the mechanism(s) of
the [c + 2H + 28]+ ion formation are unclear at present, it was of interest to try to pin down
the case from the standpoint of redox chemistry.

Molecules 2023, 28, x FOR PEER REVIEW 10 of 15 
 

 

Scheme 7. Proposed 22- (upper) and 16-membered (lower) transient conformations of the peptide 
RAGThr8Ser10Cys12 for the formation of the [c6 + 2H]+ and [c8 + 2H]+ ions. 

Next, I will describe the unexpectedly intense peaks corresponding to the [c + 2H + 
28]+ ions at m/z 661, 718, 820, and 891, observed in the oxidized-ISD spectra of RAG-
Thr8Ser10 and RAGThr8Ser10Cys12 (Figures 4 and 5). These ion peaks were accompanied 
by the [c + 2H]+ ion, independent of the presence of Cys residue. Since the reductive ISD 
spectra with a hydrogen-donating matrix did not show such unexpected ions, as shown 
in Figure 1, it suggested that the [c + 2H]+ and [c + 2H + 28]+ ions were competitively pro-
duced by associating with the intramolecular HAT and some action(s) of the hydrogen-
abstracting matrix. Regarding this, I had reported that the oxidative ISD of the peptides 
resulted in an oxidative product ion [a + O]+ caused by an aĴack of the hydroxyl radical 
(Ho·) as a strong oxidant generated from the nitro group of the matrix [22]. It should be 
noted, on the other hand, that the mass of the [c + 2H + 28]+ ion agreed with that of [a + O 
− sidechain]+ or [d + O·−·CH2]+ ions, as was demonstrated in Scheme 8. Although the mech-
anism(s) of the [c + 2H + 28]+ ion formation are unclear at present, it was of interest to try 
to pin down the case from the standpoint of redox chemistry. 

 
Figure 5. The expanded oxidized ISD spectra of (a) RAGThr8Ser10Cys12 and (b) RAGThr8Ser10, 
obtained with the 4,1-NNL matrix. The asterisk represents matrix ion peak.  

[c + 2H]+ [a]+

+H3N
NH

X1

OH

+H3N
N

X1

O
X2

+H3N

H
N

X1

O

C
H

O

[a + O]+

+H3N

H
N

X1

O
X2

O

[d + O - CH2]+

[a + O - CHX2]+

or

 
Scheme 8. Proposed structure (right-hand side) of the [c + 2H + 28]+ ion compared with the struc-
tures of [c + 2H]+, [a]+, and [a + O]+ ions. 

2.3. Intramolecular Hydrogen Bonding of the Models of Ser, Thr, and Cys Residues  
We recently reported that the MALDI-ISD using the 4,1-NNL matrix resulted in over-

degraded fragment ions produced from peptide radical ions [M]+· [29]. In UV/MALDI 

Figure 5. The expanded oxidized ISD spectra of (a) RAGThr8Ser10Cys12 and (b) RAGThr8Ser10,
obtained with the 4,1-NNL matrix. The asterisk represents matrix ion peak.

Molecules 2023, 28, x FOR PEER REVIEW 10 of 15 
 

 

Scheme 7. Proposed 22- (upper) and 16-membered (lower) transient conformations of the peptide 
RAGThr8Ser10Cys12 for the formation of the [c6 + 2H]+ and [c8 + 2H]+ ions. 

Next, I will describe the unexpectedly intense peaks corresponding to the [c + 2H + 
28]+ ions at m/z 661, 718, 820, and 891, observed in the oxidized-ISD spectra of RAG-
Thr8Ser10 and RAGThr8Ser10Cys12 (Figures 4 and 5). These ion peaks were accompanied 
by the [c + 2H]+ ion, independent of the presence of Cys residue. Since the reductive ISD 
spectra with a hydrogen-donating matrix did not show such unexpected ions, as shown 
in Figure 1, it suggested that the [c + 2H]+ and [c + 2H + 28]+ ions were competitively pro-
duced by associating with the intramolecular HAT and some action(s) of the hydrogen-
abstracting matrix. Regarding this, I had reported that the oxidative ISD of the peptides 
resulted in an oxidative product ion [a + O]+ caused by an aĴack of the hydroxyl radical 
(Ho·) as a strong oxidant generated from the nitro group of the matrix [22]. It should be 
noted, on the other hand, that the mass of the [c + 2H + 28]+ ion agreed with that of [a + O 
− sidechain]+ or [d + O·−·CH2]+ ions, as was demonstrated in Scheme 8. Although the mech-
anism(s) of the [c + 2H + 28]+ ion formation are unclear at present, it was of interest to try 
to pin down the case from the standpoint of redox chemistry. 

 
Figure 5. The expanded oxidized ISD spectra of (a) RAGThr8Ser10Cys12 and (b) RAGThr8Ser10, 
obtained with the 4,1-NNL matrix. The asterisk represents matrix ion peak.  

[c + 2H]+ [a]+

+H3N
NH

X1

OH

+H3N
N

X1

O
X2

+H3N

H
N

X1

O

C
H

O

[a + O]+

+H3N

H
N

X1

O
X2

O

[d + O - CH2]+

[a + O - CHX2]+

or

 
Scheme 8. Proposed structure (right-hand side) of the [c + 2H + 28]+ ion compared with the struc-
tures of [c + 2H]+, [a]+, and [a + O]+ ions. 

2.3. Intramolecular Hydrogen Bonding of the Models of Ser, Thr, and Cys Residues  
We recently reported that the MALDI-ISD using the 4,1-NNL matrix resulted in over-

degraded fragment ions produced from peptide radical ions [M]+· [29]. In UV/MALDI 

Scheme 8. Proposed structure (right-hand side) of the [c + 2H + 28]+ ion compared with the structures
of [c + 2H]+, [a]+, and [a + O]+ ions.

2.3. Intramolecular Hydrogen Bonding of the Models of Ser, Thr, and Cys Residues

We recently reported that the MALDI-ISD using the 4,1-NNL matrix resulted in over-
degraded fragment ions produced from peptide radical ions [M]+· [29]. In UV/MALDI
experiments, the earliest event was the electronic excitation of the matrix and peptide
molecules via UV absorption, which resulted in explosive evaporation to form a dense
gas-like MALDI plume [16,17]. Therefore, the [c + 2H]+ ion could be produced by pho-
tochemical reactions of the excited molecules in the plume. The HAT or proton transfer
via the inter/intramolecular HB of excited molecules could be treated using the DFT and
TDDFT calculations [30–32]. As described in Section 2.2, the Cys residue could more
flexibly interact with several carbonyl oxygens at the N-terminal side residues far from
the Cys residue, as compared to the Ser and Thr residues. This may have been due to the
nature of the weaker HB of the Cys residue, as compared to the Ser and Thr residues. With
respect to the capability of the HB donor, it was known that the SH of the Cys residue
was nonselective to its hydrogen acceptors, which originated from its weak capability of
HB [33]. Here, I performed DFT and TDDFT calculations for the models of the Ser/Thr/Cys
residues. The calculations were performed by setting initial model structures with the
same conformations of the Ser/Thr/Cys residues, and the structures were fully optimized
with respect to the vibrational frequency and energy analysis. The DFT-optimized model
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structures of the Ser and Cys residues, with and without HB, are shown in Figure 6a,b.
Although the optimized structures of the Ser and Cys residues without HB (Figure 6a) were
similar in conformation, the Cys residue with HB (Figure 6b) was quite different in confor-
mation from the Ser residue. That is, the hydrogen bond length (HBL) between the thiol
hydrogen and carbonyl oxygen atoms of the Cys residue resulted in a long value of 3.96 Å,
while HBLs of Ser residue was 1.89 Å. The HBL of the Cys residue was longer than that
of the strong (1.2–1.5 Å), moderate (1.5–2.2 Å), and weak (2.2–3.2 Å) hydrogen bonds [34],
while that of Ser was in the range of a moderate hydrogen bond. The calculated energies
of the models of the Ser/Thr/Cys residues are summarized in Table 1. The stabilization
energies ∆E of 18–21 kJ/mol obtained lie in a region of moderate hydrogen bond energies
of 17–63 kJ/mol for alcohol and biological molecules [34].
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Figure 6. The DFT-optimized structures of the models for Ser (left) and Cys (right) residues, (a) with-
out HB and (b) with HB. (c) The excited TDDFT-optimized structures of the models for Ser and Cys
residues, at the M06-2X/6-311++G(d,p) level. The red, blue, yellow, gray, and white ball-type colors
represent oxygen O, nitrogen N, sulfur S, carbon C, and hydrogen H atoms, respectively.

Table 1. Stabilization energy ∆E of the model compounds for Ser, Thr, and Cys residues, without and
with hydrogen bonding (wo-HB and w-HB), at the M06-2X/6-311++G(d,p) level.

wo-HB w-HB ∆E (kJ/mol)

Ser −402.145672 −402.153207 −19.78
Thr −441.426390 −441.434413 −21.06
Cys −725.117970 −725.124771 −17.86

It was important to obtain evidence for the presence or the possibility of HB in analyte
molecules of interest. The TDDFT calculations were performed on the models of the Ser
and Cys residues in order to obtain information on the constructive bond interactions.
The TDDFT-optimized structures (Figure 6c) showed that the HB of the Ser residue was
in the region of a strong hydrogen bond by changing from 1.89 Å HBL to 1.38 Å upon
electronic excitation, while the HBL of the Cys residue did not change. The change in
the HBL of the Ser residue was consistent with a Type-II reaction occurring via a photo-
induced intramolecular HAT through a seven-membered cyclic structure [1]. The results
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obtained indicated that the Cys residue did not form sufficient stable or invariable HB,
while the Ser residue could form definite intramolecular HB via the seven-membered
transition state. Instead, the SH group of the Cys residue may transiently interact with
several backbone carbonyl oxygens by forming 7-, 16-, and 22-membered conformations
involving intramolecular HB, due to its being nonselective to hydrogen acceptors and its
weak capability of HB [33].

3. Materials and Methods
3.1. Reagents and Sample Preparation

The 4-Nitro-1-naphthol (4,1-NNL), 2,5-dihydroxybenzoic acid (2,5-DHB), and 1,5-
dihydroxy naphthalene (1,5-DHN) were purchased from Tokyo Chemical Industry (Tokyo,
Japan). Acetonitrile was purchased from Wako Pure Chemicals (Osaka, Japan). Water used
in all experiments was purified using a MilliQ water purification system from Millipore
(Billerica, MA, USA). All reagents were used without further purification. All synthetic
peptides were supplied from the Peptide Institute (Minoh, Osaka, Japan). The primary
structures of the synthetic peptides are as follows:

LRASer14 (LRALEALEALEALSALEALEALEAL, Mr 2623.0);
LRAGly14 (LRALEALEALEALGALEALEALEAL, Mr 2593.0);
LRAGlu14 (LRALEALEALEALEALEALEALEAL, Mr 2665.1);
RAGThr8Ser10Cys12 (RAGFLAGTASACAALAALFL, Mr 1895.2); and
RAGThr8Ser10 (RAGFLAGTASALAALAALFL, Mr 1905.3).

Each peptide was dissolved in water at a concentration of 100 pmol/µL. The matrix
was dissolved in water/acetonitrile (1:1, v/v) without any additives, and the matrix solution
was prepared at 10 µg/µL. A sample solution was prepared by mixing a volume of 10 µL
of the dissolved analyte peptide with a volume of 10 µL of the matrix solution. A volume
of 1.0 µL of the sample solution was deposited onto a stainless plate for the MALDI ion
source and the solvents were removed by evaporation in air at room temperature.

3.2. Mass Spectrometry

The ISD spectra with UV/MALDI MS were acquired on a time-of-flight (TOF) mass
spectrometer AXIMA-CFR (Shimadzu, Kyoto, Japan) equipped with a nitrogen laser
(337 nm wavelength, 4 ns pulse width) operating at a pulse rate of 10 Hz. The laser
spot size on the target substrate was ca. 200 µm in diameter. The laser fluence used for
4,1-NNL/peptide systems was 500 J/m2. The ions generated by UV/MALDI were ac-
celerated using 20 kV with delayed extraction for a 30 ns delay time. The TOF analyzer
was operated in a high-resolution reflectron mode, and the ions were detected using a
detector on a microchannel plate. A total of 500 laser shots were accumulated for each mass
spectrum acquisition.

3.3. Calculations

The initial model structures of Ser, Thr, and Cys residues, with and without intramolec-
ular HB, were generated by means of visual inspection using the GaussView program
6.0 [35]. The model structures were fully optimized by using the Gaussian 16 suite of pro-
grams [35]. The geometry optimization and vibrational frequency analysis were performed
using the M06-2X hybrid functional [36] level of theory and the 6-311++G(d,p) basis set.
The energies were evaluated from the sum of electronic and zero-point energies calculated
by the same level of the theory and basis set. The TDDFT calculations were performed on
the optimized structures of Ser and Cys residues.

4. Conclusions

Unusually, oxidized ISD experiments combined with the UV/MALDI MS of system-
atically synthesized peptides resulted in a peptide fragment [c + 2H]+ ion originating
from cleavage at the backbone N-Cα bond when the peptides contained Ser, Thr, and/or
Cys residues, although the oxidized ISD with the hydrogen-abstracting oxidative matrix
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4,1-NNL merely produced peptide fragment [a]+ and [d]+ ions originating from cleavage
at the backbone Cα-C bond. The formation of the [c + 2H]+ ion could be explained by the
intramolecular HAT via pre-existing intramolecular HB between the OH/SH hydrogens of
the Ser/Thr/Cys residues and the backbone carbonyl oxygens at the adjacent N-terminal
side residue or the residues far from the Ser/Thr/Cys residues. The [c + 2H]+ ions originat-
ing from the cleavage at the N-Cα bonds, especially those far from the Cys residue, could
be explained by assuming the 16- and 22-membered transient conformations involved
intramolecular HB. The quantum chemical DFT and TDDFT approaches indicated that
the Ser residue formed a definite 7-membered conformation involving HB to produce
the [c + 2H]+ ion, which could be rationalized by the Type-II reaction induced by the UV
photons, while the Cys residue could have transiently formed the 7-, 16-, and 22-membered
conformations involving HB due to its weak HB capability.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data are available within the manuscript.

Acknowledgments: The author would like to thank Kei Miyazawa for his assistance during part of
the MALDI-ISD experiments in Figure 3.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Turro, N.J. Modern Molecular Photochemistry; The Benjamin/Cummings Publishing Company: Menlo Park, CA, USA, 1978.
2. Capaldo, L.; Ravelli, D. Hydrogen atom transfer (HAT): A versatile strategy for substrate activation in photocatalyzed organic

synthesis. Eur. J. Org. Chem. 2017, 2017, 2056–2071. [CrossRef] [PubMed]
3. Barath, E. Hydrogen transfer reactions of carbonyls, alkynes, and alkenes with noble metals in the presence of alcohols/ethers

and amines as hydrogen donors. Catalysts 2018, 8, 671. [CrossRef]
4. Capaldo, L.; Ravelli, D.; Fagnoni, M. Direct photocatalyzed hydrogen atom transfer (HAT) for aliphatic C-H bonds elaboration.

Chem. Rev. 2022, 122, 1875–1924. [CrossRef]
5. Kingston, D.G.I.; Bursey, J.T.; Bursey, M.M. Intramolecular hydrogen transfer in mass spectra. II. The McLafferty rearrangement

and related reactions. Chem. Rev. 1974, 74, 215–242. [CrossRef]
6. McLafferty, F.W.; Turecek, F. Interpretation of Mass Spectra, 4th ed.; University Science Books: Sausalito, CA, USA, 1993.
7. Brown, R.S.; Lennon, J.J. Sequence-specific fragmentation of matrix-assisted laser-desorbed protein/peptide ions. Anal. Chem.

1995, 67, 3990–3999. [CrossRef]
8. Hardouin, J. Protein sequence information by matrix-assisted laser desorption/ionization in-source decay mass spectrometry.

Mass Spectrom. Rev. 2007, 26, 672–682. [CrossRef]
9. Takayama, M. N-Cα bond cleavage of the peptide backbone via hydrogen abstraction. J. Am. Soc. Mass Spectrom. 2001, 12,

1044–1049. [CrossRef]
10. Koecher, T.; Engstroem, A.; Zubarev, A. Fragmentation of peptides in MALDI in-source decay mediated by hydrogen radicals.

Anal. Chem. 2005, 77, 172–177. [CrossRef]
11. Demeure, K.; Quinton, L.; Gabelica, V.; De Pauw, E. Rational selection of the optimum MALDI matrix for top-down proteomics

by in-source decay. Anal. Chem. 2007, 79, 8678–8685. [CrossRef] [PubMed]
12. Fukuyama, Y.; Iwamoto, S.; Tanaka, K. Rapid sequencing and disulfide mapping of peptides containing disulfide bonds by using

1,5-diaminonaphthalene as a reductive matrix. J. Mass Spectrom. 2006, 41, 191–201. [CrossRef]
13. Asakawa, D. 5-Nitorsalicylic acid as a novel matrix for in-source decay in matrix-assisted laser desorption/ionization mass

spectrometry. Mass Spectrom. 2013, 2, A0019. [CrossRef] [PubMed]
14. Asakawa, D. General mechanism of Cα-C bond peptide backbone bond cleavage in matrix-assisted laser desorption/ionization

in-source decay mediated by hydrogen abstraction. J. Am. Soc. Mass Spectrom. 2019, 30, 1491–1502. [CrossRef]
15. Scott, C.T.J.; Kosmidis, C.; Jia, W.J.; Ledingham, K.W.D.; Singhal, R.P. Formation of atomic hydrogen in matrix-assisted laser

desorption ionization. Rapid Commun. Mass Spectrom. 1994, 8, 829–832.
16. Strupat, K.; Karas, M.; Hillenkamp, F. 2,5-Dihydroxybenzoic acid: A new matrix for laser desorption-ionization mass spectrometry.

Int. J. Mass Spectrom. Ion Process. 1991, 111, 89–102. [CrossRef]
17. Zenobi, R.; Knochenmuss, R. Ion formation in MALDI mass spectrometry. Mass Spectrom. Rev. 1998, 17, 337–366. [CrossRef]
18. Moon, J.H.; Yoon, S.; Bae, Y.J.; Kim, M.S. Formation of gas-phase peptide ions and their dissociation in MALDI: Insights from

kinetic and ion yield studies. Mass Spectrom. Rev. 2015, 34, 94–115. [CrossRef] [PubMed]

https://doi.org/10.1002/ejoc.201601485
https://www.ncbi.nlm.nih.gov/pubmed/30147436
https://doi.org/10.3390/catal8120671
https://doi.org/10.1021/acs.chemrev.1c00263
https://doi.org/10.1021/cr60288a004
https://doi.org/10.1021/ac00117a027
https://doi.org/10.1002/mas.20142
https://doi.org/10.1016/S1044-0305(01)00289-6
https://doi.org/10.1021/ac0489115
https://doi.org/10.1021/ac070849z
https://www.ncbi.nlm.nih.gov/pubmed/17939742
https://doi.org/10.1002/jms.977
https://doi.org/10.5702/massspectrometry.A0019
https://www.ncbi.nlm.nih.gov/pubmed/24860709
https://doi.org/10.1007/s13361-019-02214-6
https://doi.org/10.1016/0168-1176(91)85050-V
https://doi.org/10.1002/(SICI)1098-2787(1998)17:5%3C337::AID-MAS2%3E3.0.CO;2-S
https://doi.org/10.1002/mas.21427
https://www.ncbi.nlm.nih.gov/pubmed/24863621


Molecules 2023, 28, 7700 14 of 14

19. Chu, I.K.; Siu, J.C.-K.; Lau, J.K.-C.; Tang, W.K.; Mu, X.; Lai, C.-K.; Guo, X.; Wang, X.; Li, N.; Xia, Y.; et al. Proposed nomenclature
for peptide ion fragmentation. Int. J. Mass Spectrom. 2015, 390, 24–27. [CrossRef]

20. Thomas, D.A.; Sohn, C.H.; Gao, J.; Beauchamp, J.L. Hydrogen bonding constrains free radical reaction dynamics at serine and
threonine residues in peptides. J. Phys. Chem. A 2014, 118, 8380–8392. [CrossRef]

21. Mueller, C.; Merten, C. Solvation of serine-based model peptides and role of the intramolecular OH·O hydrogen bond in
interpreting VCD spectra. Phys. Chem. Chem. Phys. 2023, 25, 19462. [CrossRef]

22. Takayama, M. Complete and selective nitration of tyrosine residue in peptides caused by ultraviolet matrix-assisted laser
desorption/ionization. Photochem. Photobiol. Sci. 2023, 22, 687–692. [CrossRef]

23. Nagoshi, K.; Yamakoshi, M.; Sakamoto, K.; Takayama, M. Specific Cα-C bond cleavage of b-carbon-centered radical peptides
produced by matrix-assisted laser desorption/ionization mass spectrometry. J. Am. Soc. Mass Spectrom. 2018, 29, 1473–1483.
[CrossRef]

24. Fukuyama, Y.; Izumi, S.; Tanaka, K. 3-Hydroxy-4-nitorbenzoic acid as a MALDI matrix for in-source decay. Anal. Chem. 2016, 88,
8058–8063. [CrossRef]

25. Demeure, K.; Gabelica, V.; De Pauw, A.D. New advances in the understanding of the in-source decay fragmentation of peptides
in MALDI-TOF-MS. J. Am. Soc. Mass Spectrom. 2010, 21, 1906–1917. [CrossRef]

26. Kagoshima, A.; Sekimoto, K.; Takayama, M. Intramolecular hydrogen transfer from the alpha-carbon (Cα) and backbone amide
nitrogen (Nb) to form c- and y-ions in negative-ion CID of peptides. J. Am. Soc. Mass Spectrom. 2019, 30, 1592–1600. [CrossRef]
[PubMed]

27. Lakbub, J.C.; Shipman, J.T.; Desaire, H. Recent mass spectrometry-based techniques and considerations for disulfide bond
characterization in proteins. Anal. Bioanal. Chem. 2018, 410, 2467–2484. [CrossRef] [PubMed]

28. Desligniere, E.; Botzanowski, T.; Diemar, H.; Cooper-Shepherd, D.A.; Wagner-Rousset, E.; Colas, O.; Bechade, G.; Giles, K.;
Hernandez-Alaba, O.; Beck, A.; et al. High-resolution IMS-MS to assign additional disulfide bridge pairing in complementarity-
determining regions of an IgG4 monoclonal antibody. J. Am. Soc. Mass Spectrom. 2021, 32, 2505–2512. [CrossRef]

29. Miyazawa, K.; Takayama, M. Matrix-dependent a/x pair and over degraded w/y/z ions generated by radical-directed dissociation
of peptide radical cations [M]+ in matrix-assisted laser desorption/ionization in-source decay. J. Mass Spectrom. 2020, 55, e4668.
[CrossRef] [PubMed]

30. Rusinska-Roszak, D. Energy of intramolecular hydrogen bonding in ortho-hydroxybenzaldehydes, phenones and quinones.
Transfer of aromaticity from ipso-benzene ring to the enol system(s). Molecules 2017, 22, 481. [CrossRef]

31. Yang, G.; Chen, K.; Wang, G.; Yang, D. TDDFT investigation on electronically excited-state hydrogen-bonding properties and
ESIPT mechanism for the 2-(1H-imidazol-2-yl)-phenol compound. Struct. Chem. 2021, 32, 997–1003. [CrossRef]

32. Elroby, S.A.; Aloufi, K.H.; Aziz, S.G.; Jedidi, A.; Hassan, W.I.; Osman, O.I. Substituent effect on the intramolecular hydrogen bond
and the proton transfer process in pyrimidine azo dye: A computational study. Results Chem. 2023, 6, 101034. [CrossRef]

33. Mazmanian, K.; Sargsyan, K.; Grauffel, C.; Dudev, T.; Lim, C. Preferred hydrogen-bonding partners of cysteine: Implications for
regulating Cys functions. J. Phys. Chem. B 2016, 120, 10288–10296. [CrossRef] [PubMed]

34. Jeffrey, G.A. An Introduction to Hydrogen Bonding; Oxford University Press: Oxford, UK; New York, NY, USA, 1997.
35. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;

Nakatsuji, H.; et al. Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.
36. Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-

lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals
and 12 other functionals. Theor. Chem. Account 2008, 120, 215–241.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijms.2015.07.021
https://doi.org/10.1021/jp501367w
https://doi.org/10.1039/D3CP02426A
https://doi.org/10.1007/s43630-022-00338-5
https://doi.org/10.1007/s13361-018-1958-2
https://doi.org/10.1021/acs.analchem.6b01471
https://doi.org/10.1016/j.jasms.2010.07.009
https://doi.org/10.1007/s13361-019-02245-z
https://www.ncbi.nlm.nih.gov/pubmed/31286449
https://doi.org/10.1007/s00216-017-0772-1
https://www.ncbi.nlm.nih.gov/pubmed/29256076
https://doi.org/10.1021/jasms.1c00151
https://doi.org/10.1002/jms.4668
https://www.ncbi.nlm.nih.gov/pubmed/33135249
https://doi.org/10.3390/molecules22030481
https://doi.org/10.1007/s11224-020-01648-z
https://doi.org/10.1016/j.rechem.2023.101034
https://doi.org/10.1021/acs.jpcb.6b08109
https://www.ncbi.nlm.nih.gov/pubmed/27635780

	Introduction 
	Results and Discussion 
	The [c + 2H]+ Ion Formation of a Ser-Based Peptide in Oxidative ISD with a Hydrogen-Abstracting Oxidative Matrix 
	Influence of Cys Residue on the [c + 2H]+ Ion Formation 
	Intramolecular Hydrogen Bonding of the Models of Ser, Thr, and Cys Residues 

	Materials and Methods 
	Reagents and Sample Preparation 
	Mass Spectrometry 
	Calculations 

	Conclusions 
	References

