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In this study, a series of diaryltetrazole—peptide conjugates containing aromatic amino
acid residues were studied by ultraviolet photodissociation (UVPD) mass spectrometry. Upon
irradiation at 213 nm and in the 250-290 nm range, the tetrazole unit underwent selective loss
of molecular nitrogen (N2) to generate reactive nitrile-imine intermediates. These
intermediates subsequently participated in intramolecular cross-linking reactions, primarily

involving peptide backbone amide groups, leading to macrocyclic product ions.

Product structures and dissociation pathways were proposed based on tandem mass
spectrometry experiments, including UVPD-MS? and collision-induced dissociation
(CID-MS?). High-resolution ion mobility measurements were performed to determine
experimental collision cross sections, providing structural information for both precursor and

denitrogenated ions.



Theoretical calculations were performed to support structural assignments and
mechanistic interpretation. Conformational searches were conducted using
Born—Oppenheimer molecular dynamics (BOMD), and density functional theory (DFT)
computations were used to optimize geometries and evaluate relative energies of low-energy
isomers. Time-dependent DFT calculations were further used to analyze electronic transitions

and rationalize wavelength-dependent photodissociation behavior.

Based on combined experimental and computational results, the mechanistic
understanding of nitrile-imine cross-linking was refined. The results indicate that
ground-state aromatic stacking interactions are not universally required for cross-link
formation, while differences in excited-state electronic structures are more likely responsible

for the observed wavelength-dependent photochemical behavior.
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Chapter 1. Introduction

1.1 Overview of Photochemical Crosslinking

Protein—protein and protein—nucleic acid interactions play important roles in many
biological processes, including DNA replication, transcriptional regulation, and RNA
processing.! To characterize these interaction interfaces at the molecular level, crosslinking
techniques have been widely used to convert transient noncovalent interactions into stable
covalent linkages, enabling the investigation of the structures and interaction sites of

biomolecular complexes.?

Traditional crosslinking methods generally rely on chemical crosslinkers that react with
specific functional groups, mainly including primary amines, carboxyl groups, and thiol
groups on amino acid side chains.? By forming covalent links within or between molecules,
crosslinking reactions can not only stabilize dynamic and transient biomolecular interactions
but also provide important information for subsequent structural analysis. To date, the
applications of crosslinking have expanded from traditional molecular modification to
various areas of the life sciences, including biomaterial construction, drug delivery, and
structural studies of biomolecules.* Among these applications, crosslinked hydrogels have
shown considerable potential in drug delivery and tissue engineering because of their good
biocompatibility and tunable physicochemical properties.® In addition, crosslinking strategies
are playing an increasingly important role in the structural characterization of proteins and

other biomolecules.®



In contrast, photochemical crosslinking adopts ultraviolet irradiation to generate highly
reactive intermediates, such as radicals, carbenes, nitrenes, and nitrile imines. These
intermediates can react with neighboring molecules within an extremely short time, allowing
interaction sites that are spatially close to be preferentially captured.”® Because these methods
generally do not require the introduction of long spacer arms, they provide high spatial
selectivity while causing relatively less disturbance to the original conformations of
biological systems. In addition, the stable covalent products generated through photochemical
crosslinking provide an important basis for subsequent mass spectrometric analysis, allowing

crosslinking sites and interaction regions to be identified.”®

Commonly used photochemical crosslinking groups nowadays include diazirine- and
benzophenone-based systems. Upon ultraviolet irradiation, these systems generally generate
carbene or diradical intermediates, which subsequently react with nearby molecules.!®!!
However, because intermediates such as carbenes are highly reactive, they can readily
undergo nonselective side reactions. Some systems also have limitations such as low reaction

efficiency and long irradiation times.

Nitrile imines have long been known as reactive 1,3-dipoles capable of undergoing
cycloaddition reactions with various dipolarophiles.!? In 2008, Song et al. applied this
established reactivity to biological systems by developing a photoinduced 1,3-dipolar
cycloaddition based on 2,5-diaryltetrazoles. Upon ultraviolet irradiation, the tetrazoles
generated nitrile-imine intermediates that reacted with alkene dipolarophiles, enabling the

rapid and selective derivatization of tetrazole-containing proteins.!? This work demonstrated



the utility of tetrazole photochemistry for biomolecular modification rather than representing

the initial discovery of nitrile-imine addition chemistry.

In recent years, nitrile-imine photochemistry has gradually developed into a versatile and
controllable tool for biomolecular derivatization.®!'* In addition to traditional alkene
dipolarophiles, studies have shown that amide groups, carboxyl groups, and certain
nitrogen-containing functional groups can also participate in these reactions. For example,
Zhao et al. reported that diaryltetrazoles could undergo photoinduced coupling reactions with
carboxylic acids in aqueous solution and further applied this reaction to protein labeling,
demonstrating that these systems are not limited to traditional alkene dipolarophiles.!® In
addition, under specific conditions, diaryltetrazoles can react with primary amines to form
triazole products, further expanding the types of reactions and the range of applications of

this system.

Nitrile-imine-mediated crosslinking has also been demonstrated in biomolecular systems.
Herner et al. developed 2-aryl-5-carboxytetrazoles as photoaffinity labels for drug-target
identification,'® and Tian et al. subsequently reported genetically encoded

2-aryl-5-carboxytetrazoles for site-selective protein photo-crosslinking.!”

1.2 Development and Challenges of Crosslinking Mass Spectrometry (XL-MS)

With the rapid development of high-resolution mass spectrometry, tandem mass
spectrometry, and related data analysis methods, crosslinking mass spectrometry (XL-MS)
has become an important technique for studying higher-order protein structures and protein

interactions.?!'® XL-MS introduces covalent crosslinks between amino acid residues that are



spatially close and identifies the resulting crosslinked peptides by tandem mass spectrometry,
thereby providing distance constraints within proteins and protein complexes.'® By inducing
peptide fragmentation through MS/MS and analyzing the resulting fragment ions, peptide
sequences, amino acid modifications, and side-chain changes can be further identified.'® This
structural information can be combined with techniques such as cryogenic electron
microscopy (cryo-EM), nuclear magnetic resonance (NMR), and computational modeling,
providing important evidence for protein conformational analysis, studies of protein—protein

interactions, and characterization of dynamic structural changes.

Despite significant recent advances in XL-MS instrumentation, crosslinker design, and
bioinformatic analysis, many challenges remain in their development.?° Different crosslinking
systems still vary considerably in their reaction mechanisms, crosslinking-site selectivity, and
data analysis workflows. These differences not only make it more difficult to compare and
validate experimental results but also limit the development and wider application of new
crosslinking strategies.?! Therefore, developing new photochemical crosslinking systems with
higher reaction selectivity, easier structural characterization, and compatibility with complex

biological systems remains an important research direction in the field of XL.-MS.

In recent years, the Turecek group has systematically investigated the reactivity of nitrile
imines under gas-phase conditions,® with particular emphasis on their diverse reaction
pathways in the mass spectrometric environment, including intramolecular crosslinking
reactions with functional groups such as amides, carboxyl groups, and nucleobases. Wan et al.

first demonstrated that nitrile-imine intermediates generated by the photolysis of



diaryltetrazoles could form stable macrocyclic crosslinked structures in gas-phase peptides
and peptide—nucleic acid complexes. These structures could be characterized using UVPD,
CID, and ion mobility mass spectrometry.?> Subsequently, VIk et al. further expanded the
reaction scope of this system and found that amino acid side-chain functional groups in Asp,
Glu, Asn, and Gln could also participate in nitrile-imine crosslinking reactions, further
demonstrating the reaction diversity of this gas-phase photocrosslinking system.?* Based on
these previous studies, the present work further investigates the effects of aromatic residues

on diaryltetrazole photochemistry and nitrile-imine crosslinking efficiency.?*
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Figure 1. Reaction scheme of tetrazole photolysis and nitrile-imine cycloaddition.

1.3 Research Motivation and Scope

Although previous studies have demonstrated that nitrile imines can undergo gas-phase
crosslinking reactions with various functional groups, the role of aromatic amino acid
residues in these systems has not yet been systematically investigated. Aromatic side chains
may not only influence the gas-phase conformations of peptide ions through n—m interactions
but also participate in electronic transitions and energy-transfer processes upon UV excitation,
thereby affecting wavelength-dependent photodissociation behavior and subsequent

crosslinking pathways.

In solution, stacking interactions between aromatic rings (n—n stacking) have been

extensively studied and are considered closely related to protein structural stability and



molecular recognition processes.?’> However, under gas-phase conditions, the absence of
solvent effects may result in substantial differences in the conformations and aromatic
interactions of charged peptide ions compared with those in solution.?62” It remains unclear
whether aromatic side chains and diaryltetrazole groups form stable stacked structures and
whether such interactions affect the efficiency and selectivity of nitrile-imine crosslinking

reactions.

On the other hand, UV excitation at different wavelengths may correspond to different
types of electronic transitions.?® For tetrazole—peptide systems containing aromatic amino
acid residues, aromatic side chains may participate in excited-state processes in addition to
the m—m* transitions of the tetrazole group itself, thereby affecting energy distribution and
subsequent fragmentation behavior. Therefore, investigating the effects of different aromatic
residues and excitation wavelengths on UVPD behavior can provide further insight into the

mechanism of gas-phase nitrile-imine crosslinking.

In this study, a series of tetrazole—peptide conjugates containing aromatic amino acid
residues, including Phe, Tyr, Trp, and their substituted derivatives, were used as model
systems. Their photodissociation behavior, crosslinked product structures, and possible
excited-state processes were systematically investigated using UVPD-MS, CID-MS?,
high-resolution ion mobility mass spectrometry, and theoretical calculations. By combining
experimental results with theoretical calculations, this study aims to elucidate the roles of

aromatic interactions and excited-state electronic structures in gas-phase nitrile-imine



crosslinking and to further refine the mechanistic understanding of these photochemical

crosslinking systems.

Chapter 2. Experimental Section
2.1 Peptide Synthesis

A series of model pentapeptides with the general sequence XAAAK (X = Tyr, Phe, or
Trp), arranged from the N-terminus to the C-terminus, were designed and synthesized. The
peptide chains were assembled on Wang resin using Fmoc-based solid-phase peptide

synthesis and standard coupling procedures.

During synthesis, the lysine residue was initially anchored to the Wang resin, after which
a 2,5-diaryltetrazole carbonyl group was introduced at its side-chain g-amino group.
Following side-chain modification, peptide elongation was continued through the sequential
coupling of alanine (Ala) residues and the N-terminal amino acid (X = Tyr, Phe, or Trp),
yielding the target tetrazole-labeled peptides. The resulting peptides are denoted as
XAAA-tet-K; for example, YAAA-tet-K represents a peptide with an N-terminal tyrosine
residue and a tetrazole group attached to the side chain of the C-terminal lysine residue

(Figure 2).
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Figure 2. Solid-phase synthesis of tetrazole-modified peptides

The 2,5-diaryltetrazoles and their substituted derivatives used in this study, including the
4-NO2- and 4-MeO-substituted systems, were synthesized according to a previously reported

method, with appropriate modifications for the different substituents.!!
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Figure 3. Synthesis of substituted diaryltetrazole benzoic acids.
2.2 Mass Spectrometry Experiments

Mass spectrometry experiments were performed on a Thermo Fisher Orbitrap Ascend

high-resolution mass spectrometer. Samples were dissolved in an acetonitrile/water mixture



(ACN/H:0, 1:1, v/v) and introduced into the gas phase by electrospray ionization (ESI) in

positive-ion mode, generating protonated molecular ions, [M+H]".

The photolysis of diaryltetrazoles and the formation and structural characterization of
subsequent crosslinked products were primarily investigated using ultraviolet
photodissociation (UVPD) and collision-induced dissociation (CID) mass spectrometry. In
the UVPD experiments, selected precursor ions were irradiated with a 213 nm UV laser,
while wavelength-dependent experiments were conducted using tunable UV light in the
250-290 nm range. Upon UV irradiation, the diaryltetrazole group underwent N2 loss to
generate a highly reactive nitrile-imine intermediate, which subsequently formed
intramolecular crosslinked products (Figure 1). The resulting product and fragment ions were

detected and analyzed using the high-resolution Orbitrap mass analyzer.

To further investigate the conformational characteristics of gas-phase peptide ions and
possible interactions between aromatic rings, cyclic traveling-wave ion mobility mass
spectrometry (cIMS-MS) was used to analyze the structures of the precursor ions and their
denitrogenated products. Experimental collision cross sections (CCSexp) were obtained by
measuring the arrival times of the ions in the mobility region and calibrating them using
poly-DL-alanine standards. The calculated collision cross sections (CCScalc) of the
theoretical structures were then compared with the corresponding CCSexp values to evaluate
the plausibility of different candidate conformations and to assess whether stable n—nt

stacking interactions existed between the aromatic side chains and diaryltetrazole groups.

2.3 Computational Methods



To further elucidate the gas-phase conformations and photochemical behavior of
tetrazole—peptide ions, molecular dynamics simulations, density functional theory
calculations, and excited-state electronic structure analyses were combined to systematically

investigate these systems.

Born—Oppenheimer molecular dynamics (BOMD) was first used to perform
conformational searches of the protonated peptide ions and identify possible gas-phase
structures. Representative structures selected from these searches were subsequently
subjected to density functional theory (DFT) calculations, including geometry optimization
and energy analysis, to obtain stable low-energy conformers. To determine whether the
calculated structures accurately represented the experimentally observed ion conformations,
theoretical collision cross sections (CCScalc) were calculated for the candidate structures and
compared with the experimental collision cross sections (CCSeyp) obtained from ion mobility
measurements. The spatial conformations of the peptide ions and the structures of the
crosslinked products were then analyzed by combining the experimental and theoretical

results.

To investigate the effects of aromatic residues on tetrazole photochemistry,
time-dependent density functional theory (TD-DFT) was further employed to analyze the
excited-state properties of these systems. Electronic transitions, excitation energies, and
molecular orbital distributions were calculated to examine how the aromatic side chains and

tetrazole substituents affect UV absorption and photodissociation processes and to explain the

10



experimentally observed differences in wavelength-dependent photodissociation efficiencies

and fragmentation behavior.

All theoretical calculations were performed according to an established computational
workflow, including initial conformational screening assisted by semiempirical methods,
DFT geometry optimizations and energy calculations, theoretical CCS calculations, and
TD-DFT excited-state analyses. Together, these methods enabled a comprehensive

investigation of the structures and photochemical properties of the gas-phase ions.

Chapter 3. Results and Discussion
3.1 UVPD Behavior of XAAA-tet-K Conjugates

To investigate the effects of aromatic amino acid residues on diaryltetrazole
photochemistry, a series of XAAA-tet-K peptide conjugates were first analyzed by ultraviolet
photodissociation (UVPD). Here, X represents Phe, Tyr, or Trp, corresponding to the

precursor ions FAAA-tet-K (m/z 755), YAAA-tet-K (m/z 771), and WAAA-tet-K (m/z 794),

respectively (Figure 4).
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Figure 4. Structures of the diaryltetrazole—peptide conjugates

Under electrospray ionization conditions, these peptide conjugates were predominantly
observed as singly charged [M+H]" ions. Following mass selection, the precursor ions were
irradiated at 213 nm and within the 250-290 nm range to investigate the photodissociation

behavior of the tetrazole group under different excitation conditions.

In all systems, UVPD effectively induced N loss from the diaryltetrazole group,
generating the corresponding [M+H—N:]* ions, although the photodissociation yields at 213
nm varied among the conjugates. This process involves the loss of an N2 molecule from the
tetrazole ring to form a highly reactive nitrile-imine intermediate and represents the key

12



initial step in the subsequent crosslinking reaction. Prominent product peaks associated with
N: loss were observed for FAAA-tet-K, YAAA-tet-K, and WAAA-tet-K, demonstrating that

tetrazole photolysis occurs under gas-phase conditions.

In addition to N2 loss, UVPD induced further fragmentation processes (Figure 5). Upon
excitation at 213 nm, multiple b- and y-type fragment ions arising from peptide backbone
cleavage were observed together with the [M+H—N:]" ions. Notably, characteristic ions such
as [y:1+2H]", [y2=+2H]", and [ys+2H]* appeared in the spectra instead of the more commonly
observed [y,+H]" ions (Figure 6). These results indicate that, in addition to promoting
tetrazole photolysis, high-energy UV excitation may induce peptide bond cleavage through

energy redistribution, resulting in competing backbone fragmentation.

|
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TR\ _Ala
SAlaT T ~Xaa

N, b, (b;, b,

HN—AIla HOOC

HOOC Al
\Ala —~xaa

—_—

e
proton transfer

e Uad A ="

Figure 5. Nitrile-imine formation and backbone fragmentation.

The systems exhibited markedly different fragmentation characteristics at different
excitation wavelengths. For WAAA-tet-K, ions associated with N> loss and backbone
cleavage were both observed under 213 nm UVPD conditions, whereas backbone
fragmentation was substantially reduced upon UVPD near 280 nm, with fragmentation
occurring predominantly through the tetrazole N2-loss channel (Figure 6). Similar trends were

observed for FAAA-tet-K and YAAA-tet-K. These results indicate that excitation at longer

13



wavelengths more selectively targets the tetrazole chromophore and thereby promotes N loss,
whereas excitation at 213 nm more readily induces competing high-energy fragmentation

Processces.

Further comparison of the systems containing different aromatic residues showed that,
although tetrazole photolysis occurred in all three systems, their fragmentation behavior was
not identical. YAAA-tet-K exhibited relatively high selectivity for tetrazole photolysis,
whereas WAAA-tet-K displayed a more complex fragmentation pattern, with more
backbone- and side-chain-related fragment ions observed in addition to products associated
with N2 loss. The overall behavior of FAAA-tet-K was intermediate between those of the

other two systems.

14
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(WAAA-tet-K + H)* ions (m/z 794). The inset shows the accurate-mass profile of the m/z 608
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These results demonstrate that different aromatic residues influence the energy

distribution and fragmentation pathways of tetrazole—peptide conjugates upon UV excitation.
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However, the specific structures of the denitrogenated products cannot be determined from
the UVPD results alone, nor can these results establish whether the aromatic side chains
affect subsequent crosslinking through intramolecular aromatic interactions. Therefore,
CID-MS? experiments, ion mobility mass spectrometry, and theoretical calculations were
further combined to investigate the structures and reaction mechanisms of the denitrogenated
products. Although efficient tetrazole photolysis occurred in all systems containing aromatic
residues, the observed differences in wavelength-dependent fragmentation suggest that these
residues may not merely serve as structural components but may also participate in

excited-state energy distribution and modulate subsequent fragmentation processes.

3.2 Structural Evidence for Nitrile-Imine Crosslinked Ions

To further investigate the structural characteristics of the ions generated by UVPD, the
denitrogenated [M+H—N:]* ions were analyzed by CID-MS?, and the major fragmentation
products were structurally characterized using high-resolution accurate mass measurements

(Figures 7-9).
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Figure 7. UVPD-CID-MS? spectra of denitrogenated YAAA-tet-K conjugates: (a)
YAAA-tet-K, (b) 3-NO2-YAAA-tet-K, and (c) YAAA-4-NOq-tet-K.
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Figure 8. UVPD-CID-MS? spectrum of denitrogenated WAAA-tet-K.
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The CID-MS? results showed that the different aromatic systems exhibited highly similar
fragmentation behavior following N2 loss. A series of common characteristic fragment ions
were observed for FAAA-tet-K, YAAA-tet-K, and WAAA-tet-K, indicating that these
denitrogenated products share similar structural features and may arise from a common

nitrile-imine reaction pathway.

One important common feature was the neutral loss of phenylhydrazine. Characteristic
ions such as m/z 635 were observed for YAAA-tet-K, and similar fragmentation behavior
occurred in the FAAA-tet-K and WAAA-tet-K systems, including the m/z 658 ion of
WAAA-tet-K (Figure 8). The consistent occurrence of this fragmentation process across
multiple systems indicates that the denitrogenated products formed after UVPD retain similar

tetrazole-derived structural motifs and undergo further dissociation through related pathways.

In addition to phenylhydrazine loss, the CID-MS? spectra showed several sequential
neutral losses associated with Ala residues. For example, both YAAA-tet-K and

WAAA-tet-K produced fragment ions corresponding to Ala loss (Figures 7-9). Unlike the
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b/y-type backbone fragment ions typically generated by CID of linear peptides, these
sequential amino acid residue losses are more characteristic of internal residue losses from
macrocyclic structures. This finding indicates that the nitrile-imine intermediates formed
following UVPD-induced N: loss can undergo further intramolecular crosslinking reactions

to generate stable macrocyclic crosslinked ions.

In addition, high-resolution mass spectrometry (HRMS) measurements further supported
this interpretation. The experimentally measured masses were in good agreement with the
theoretical values, allowing the elemental compositions of the major fragment ions to be
reliably confirmed. Together with the observed CID fragmentation patterns, these results
suggest that the nitrile-imine intermediates generated by tetrazole photolysis undergo
intramolecular reactions with amide groups in the peptide backbone under gas-phase
conditions, forming relatively stable macrocyclic crosslinked structures. During subsequent
CID, these macrocyclic structures dissociate through characteristic pathways to produce a

series of commonly observed diagnostic ions.

To quantitatively compare the photodissociation and crosslinking behavior of the
different systems, reaction yields were estimated from the relative intensities of the fragment
ions in the corresponding mass spectra. The photodissociation yield in UVPD-MS? was
defined as the combined intensity of fragment ions associated with tetrazole photolysis
relative to the total fragment ion intensity. The crosslinking yield in UVPD-CID-MS? was

calculated as the combined intensity of diagnostic fragment ions originating from
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macrocyclic crosslinked structures, including characteristic internal residue losses, relative to

the total fragment ion intensity (Table 1).

In summary, the CID-MS? results indicate that the [M+H—N:]" ions generated by UVPD
are not simply denitrogenated products but undergo further intramolecular reactions to form
crosslinked ions with common structural features, with most systems exhibiting appreciable
yields. The highly similar fragmentation patterns across the different systems, together with
the recurring phenylhydrazine and internal Ala residue losses, support the formation of
macrocyclic nitrile-imine crosslinked structures. These structures were further evaluated

using ion mobility mass spectrometry and theoretical calculations.

Yields

Sequence UVPD-MS? UVPD-CID-MS3
FAAA-tet-K 53(99) 74
YAAA-tet-K 58 86
3-NO,-YAAA-tet-K 25 92
YAAA-4-NO»-tet-K 57 99
WAAA-tet-K 21(75) 93
5-OH-WAAA-tet-K 18 94
WAAA-4-OCHjs-tet-K 13 <5

Table 1. Photodissociation and Crosslinking Yields

3.3 lon Mobility Analysis and Conformational Effects

To further investigate whether stable intramolecular aromatic interactions exist between
the aromatic side chains and diaryltetrazole groups, cyclic traveling-wave ion mobility mass
spectrometry (cIMS-MS) was combined with theoretical calculations to analyze the

gas-phase conformations of the precursor ions and their denitrogenated products.
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The calculated collision cross sections (CCScaic) of the low-energy structures were
generally in good agreement with the experimentally measured values (CCSeyp), indicating
that the calculated conformations reasonably represented the gas-phase ion structures.
Although the CCS values varied among the systems, the ions generally adopted relatively
compact, folded conformations, suggesting that these tetrazole—peptide ions can form
intramolecular interactions and maintain specific spatial arrangements in the gas phase. The
experimental CCS values, theoretical results, and corresponding structural features of the

major systems are summarized in Table 2.
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Figure 10. Ion mobility profile and low-energy conformers of FAAA-tet-K.
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Peptide ion CCSexp (A%?) | Lowest-Energy | Structural features T -n

CCScalc (A?) stacking
FAAA-tet-K 268.9 270.0/272.2 Compact, H-bonded Not
observed
YAAA-tet-K 271.6 272.2 Folded Not
observed
WAAA-tet-K 277.0 276.6 Compact No
persistent
stacking
3-NO>-YAAA-tet-K | 270.0 (99%); 280.7 Experiment—calculatio | Possible in
279.0 (1%) n mismatch calculations
Table 2. Calculated and experimental CCS values and structural features of tetrazole—peptide
conjugates.

Notably, for 3-NO2-YAAA-tet-K, the CCS of the major experimental peak deviated
substantially from that calculated for the lowest-energy conformer. This discrepancy
indicates that the predominant gas-phase conformation observed experimentally may not
correspond to the thermodynamically lowest-energy structure and suggests the possible
presence of multiple conformations or conformational dynamics. Therefore, structural
assignment of this system cannot be based solely on the lowest-energy DFT conformer but

requires an integrated analysis of both experimental and computational results.

In addition, the (M—N>+H)" ions were analyzed by high-resolution ion mobility mass
spectrometry (Figure 11). The CCScx, values of the major peaks for the denitrogenated
products of FAAA-tet-K, YAAA-tet-K, and WAAA-tet-K were lower than those of their
corresponding precursor ions, indicating structural compression of approximately 1.7-2.7%
following N2 loss. In contrast, the calculated noncyclized, extended nitrile-imine
conformations had substantially larger CCScac values and therefore could not account for the

major experimental mobility components. Together with the sequential internal residue losses
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observed by CID-MS?, these results further support the assignment of the major
denitrogenated products as compact macrocyclic crosslinked structures. The
3-NO2-YAAA-tet-K system was an exception, as the CCSey, of its denitrogenated product
was slightly larger than that of its precursor, suggesting that different systems may undergo

distinct conformational rearrangements following cyclization.
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Figure 11. Ion mobility profiles of denitrogenated tetrazole—peptide conjugates: (a)
FAAA-tet-K, (b) YAAA-tet-K, (c) WAAA-tet-K, and (d) 3-NO2-YAAA-tet-K

However, further analysis of these low-energy structures showed that the major
experimentally relevant conformers did not exhibit stable aromatic ring stacking. Although
the aromatic side chains and tetrazole rings were in relatively close proximity in some
structures, their distances and orientations generally did not meet the criteria for typical n—n
stacking interactions. Therefore, the optimized structures provided no evidence that stable
ground-state aromatic stacking is a general feature of these systems.
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To further examine the dynamic conformational behavior of these systems,
Born—Oppenheimer molecular dynamics (BOMD) simulations were performed for
representative systems. The BOMD results showed that the distances between the aromatic
side chains and diaryltetrazole rings varied continuously throughout the simulations. For
WAAA-tet-K, frequent dynamic contacts occurred between the Trp side chain and
diaryltetrazole moiety; however, these contacts did not form a single, stable n—n-stacked

ground-state conformer that persisted over time.

Further comparison of systems containing different aromatic residues showed that Trp,
owing to its larger m-conjugated system, would theoretically be more likely to form aromatic
interactions with diaryltetrazole. However, even for WAAA-tet-K, no stable aromatic
ring-stacked conformer that persisted over time was observed. Although the NO:-substituted
systems exhibited different electronic properties and some calculated low-energy structures
of 3-NO2-YAAA-tet-K showed aromatic ring stacking, the CCS_calc of the lowest-energy
conformer did not match the major experimental peak. Therefore, stable n—n stacking cannot

be considered a general or predominant conformational feature of these conjugates.

Taken together, the ion mobility measurements, low-energy structural analyses, and
BOMD simulations indicate that stable ground-state aromatic stacking is not a predominant
conformational feature of the systems investigated in this study. Although transient spatial
proximity may occur between the aromatic side chains and diaryltetrazole groups, no clear
correlation was observed between ground-state n—r stacking and either UVPD behavior or

crosslinking yields across the different systems. Therefore, the effects of aromatic residues on
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tetrazole photochemistry are more likely attributable to other factors, such as excited-state

electronic structures and energy-distribution processes following photoexcitation.

3.4 Computational Analysis of Excited-State Electronic Structures

To further understand the origins of the differences in UVPD behavior among the
aromatic systems, density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) were used to analyze their low-energy structures and excited-state

electronic properties.

The DFT results revealed multiple low-energy conformers with similar energies for each
system, indicating a degree of conformational flexibility among the charged peptide ions in
the gas phase. When considered together with the ion mobility results described above, the
major experimentally observed conformations were reasonably accounted for by the
corresponding low-energy structures (Figure 10). However, these ground-state
conformational features showed no direct correlation with the observed UVPD fragmentation
behavior. Therefore, differences in ground-state conformations are unlikely to be the primary

factor governing the variations in UVPD behavior among the systems.

In contrast, the TD-DFT results showed that different aromatic residues and substituents
affected the excited-state electronic structures of the tetrazole—peptide conjugates. As shown
in Figure 12, the major electronic transitions in the 250-280 nm range were generally
associated with the diaryltetrazole chromophore, whereas aromatic side chains such as Tyr
and Trp could also contribute to the electronic distribution in higher-energy excited states.

These results are consistent with the experimentally observed wavelength-dependent UVPD
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behavior: excitation at longer wavelengths predominantly promoted tetrazole Nz loss,
whereas excitation at 213 nm more readily induced competing peptide backbone

fragmentation.
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Figure 12. TD-DFT absorption spectra of tetrazole—peptide conjugates: (a) FAAA-tet-K, (b)
WAAA-tet-K, (c) YAAA-tet-K, (d) YAAA-4-NO:-tet-K, and (e) 3-NO2-YAAA-tet-K.
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In the WAAA-tet-K system, however, the Trp side chain contributed more substantially
to the electronic structures of certain excited states. The TD-DFT results showed that some
electronic transitions involved charge transfer from the Trp 7 orbitals to the diaryltetrazole n*
orbitals, indicating that the Trp side chain participated in the electronic redistribution
following photoexcitation. This excited-state behavior may be related to the experimentally
observed competition among N2 loss, backbone cleavage, and Trp side-chain fragmentation

(Figure 13 and Table 3).

Figure 13. Electronic transitions and molecular orbitals of FAAA-tet-K.
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Peptide ion Major excitation character | Aromatic residue Possible relevance to UVPD

involvement
FAAA-tet-K Mainly diaryltetrazole Weak Consistent with selective N,
n—>n* excitation loss at 250-280 nm
YAAA-tet-K Diaryltetrazole and Moderate Tyr contributes to some
Tyr-related transitions higher-energy excited states
WAAA-tet-K Trp 1t system participatesin | Strong May contribute to competing
electronic transitions fragmentation pathways
YAAA-4-NO,-tet-K | Diaryltetrazole n->m* at Significant Substituent modifies the
250-280 nm; mixed excited-state distribution
Tyr/charge-transfer states
near 213 nm
3-NO,-YAAA-tet-K | Mixed transitions involving | Significant Indicates stronger electronic
nitrotyrosine and coupling between the
diaryltetrazole orbitals aromatic systems

Table 3. Excited-state characteristics of tetrazole—peptide conjugates.

The TD-DFT results for the NOz-substituted systems further showed that substituents can
alter the electronic distributions and associated excited-state properties of diaryltetrazole
conjugates. For YAAA-4-NO:-tet-K, the major absorptions in the 250-280 nm range were
still dominated by m—n* transitions within the nitro-substituted diaryltetrazole system,
whereas the excited states near 213 nm exhibited mixed characteristics involving transitions
within the Tyr aromatic ring and charge transfer. The 3-NO:-YAAA-tet-K system also
displayed relatively complex orbital coupling between its aromatic systems. Although these
differences may affect the specific photoexcitation processes, they showed no simple direct

correlation with crosslinking yields.

Taken together, the TD-DFT results and wavelength-dependent UVPD experiments
indicate that the initial photodissociation and competing fragmentation behavior at different

excitation wavelengths are closely related to the types of electronic transitions involved.
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Excitation at 250-280 nm primarily targets the diaryltetrazole chromophore and selectively
promotes N2 loss, whereas excitation at 213 nm accesses higher-energy and more complex
electronic states and therefore more readily induces concurrent peptide backbone
fragmentation. However, these excited-state differences mainly account for the initial
photodissociation behavior, and the current results do not indicate that any particular type of

electronic transition universally determines the crosslinking yield following N2 loss.

3.5 Mechanistic Implications for Gas-Phase Nitrile-Imine Crosslinking

Taken together, the UVPD-MS?, CID-MS?, ion mobility mass spectrometry, and
theoretical results described above provide further insight into the effects of aromatic amino
acid residues on the gas-phase photochemical behavior of tetrazole—peptide conjugates and

their nitrile-imine crosslinking processes.

The UVPD experiments showed that the tetrazole group efficiently underwent N2 loss
upon UV excitation, generating highly reactive nitrile-imine intermediates that subsequently
participated in intramolecular reactions. Characteristic fragmentation behavior observed in
the CID-MS? analysis, including sequential amino acid residue losses, further supported the
formation of macrocyclic crosslinked structures (Figure 14), indicating that the nitrile imines
generated by tetrazole photolysis can react efficiently with peptide backbone amide groups in
the gas phase. The similar crosslinking characteristics observed across the different aromatic
systems suggest that this reaction is primarily driven by the intrinsic high reactivity of the
nitrile-imine intermediate rather than being determined solely by the structure of a specific

aromatic residue.
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Figure 14. Proposed pathway for nitrile-imine-mediated macrocyclization.

This study initially hypothesized that n—r stacking between the aromatic side chains and
tetrazole rings could influence the photochemical processes. However, the ion mobility
measurements, low-energy structural analyses, and BOMD simulations showed that stable
ground-state aromatic stacking was not a predominant conformational feature in most
systems. Although relatively close contacts or local stacking tendencies between the aromatic
rings may occur in some systems, particularly those containing nitro substituents, such
interactions were not consistently observed across all systems and could not be directly
correlated with differences in their UVPD behavior. Therefore, stable n—r stacking cannot

serve as the primary explanation for the variations in UVPD behavior observed in this study.

WAAA-4-OCHs-tet-K exhibited reaction behavior markedly different from that of the
other tetrazole—peptide conjugates. This system produced a greater abundance of peptide
backbone fragments upon UVPD and underwent subsequent neutral loss of 4-methoxyaniline
following N2 loss, generating a product ion at m/z 673. CID-MS? predominantly produced
conventional b-type fragment ions, indicating that the m/z 673 ion retained a linear peptide
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backbone rather than adopting a typical macrocyclic crosslinked structure. Its crosslinking
yield in UVPD-CID-MS? was below 5%, making it the most notable exception in this study.
According to the proposed mechanism, the electron-donating effect of the OMe substituent
may stabilize the iminium intermediate formed following N-N bond cleavage, thereby
promoting 4-methoxyaniline loss. Although this interpretation remains a tentative
mechanistic assignment, it suggests that substituent electronic effects can substantially alter

the subsequent reaction pathways of nitrile-imine intermediates in specific systems.
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Figure 15. Formation and backbone cleavage of the m/z 673 ion.

The TD-DFT results further showed that different aromatic residues can participate in or
modulate the excited-state electronic distributions of tetrazole—peptide conjugates. Excitation
at 250-280 nm primarily corresponds to m—n* transitions within the diaryltetrazole
chromophore and therefore enhances the selectivity of tetrazole N2 loss. In contrast, the
higher-energy excited states near 213 nm may involve both the aromatic amino acid side
chains and the diaryltetrazole system, resulting in competition between N loss and peptide

backbone cleavage. These results explain the differences in primary photodissociation
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behavior at different wavelengths; however, no simple correlation was observed between

these excited-state characteristics and the crosslinking yields following N2 loss.

Therefore, the present study supports the following reaction model: upon UV excitation,
tetrazole—peptide conjugates undergo N: loss to generate highly reactive nitrile-imine
intermediates. Most of these intermediates subsequently undergo intramolecular reactions
with peptide backbone amides to form macrocyclic crosslinked ions. Stable ground-state m—n
stacking is not required for this cyclization process, whereas the electronic properties of
different aromatic residues and substituents primarily affect photoexcitation and competing
fragmentation pathways. In specific systems such as WAAA-4-OCHs-tet-K, substituent
electronic effects may also alter the subsequent reactions of the nitrile-imine intermediate,
allowing competing fragmentation to predominate over macrocycle formation. Overall, these
results demonstrate that ground-state conformation, excited-state photodissociation, and

post-N2-loss crosslinking are interconnected but distinct processes.
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Chapter 4. Conclusion

In this study, a series of diaryltetrazole-modified peptides containing aromatic amino
acid residues were used as model systems. Ultraviolet photodissociation mass spectrometry
(UVPD-MS), collision-induced dissociation mass spectrometry (CID-MS?), high-resolution
ion mobility mass spectrometry (IM-MS), and theoretical calculations were combined to
systematically investigate the structural basis and photochemical behavior of gas-phase

nitrile-imine crosslinking reactions.

The experimental results showed that tetrazole N2 loss occurred in all systems upon UV
irradiation, generating highly reactive nitrile-imine intermediates, although their relative
abundances were influenced by the excitation wavelength and molecular structure. Most
N:-loss intermediates subsequently underwent intramolecular reactions with peptide
backbone amides to form macrocyclic crosslinked ions. The major crosslinked products and
their characteristic fragmentation behavior were successfully characterized using UVPD-MS?,
CID-MS?, and high-resolution accurate mass measurements, and the corresponding

fragmentation mechanisms and structural models were further proposed.

The ion mobility experiments and theoretical calculations showed that, although transient
contacts or weak interactions may occur between the aromatic amino acid side chains and
diaryltetrazole rings, stable and persistent ground-state m—n-stacked structures were not
observed in most systems. The experimentally measured collision cross sections were in good

agreement with the theoretical results, further supporting the proposed gas-phase
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conformational models. Therefore, these findings indicate that stable ground-state aromatic

stacking is not required for gas-phase nitrile-imine crosslinking.

Wavelength-dependent UVPD experiments and TD-DFT analyses showed that the
excitation wavelength and corresponding types of electronic transitions influenced the
competition between tetrazole N2 loss and peptide backbone cleavage. In the 250-280 nm
range, the dominant excitations involved n—n* transitions within the diaryltetrazole
chromophore, thereby increasing the selectivity of tetrazole photodissociation. In contrast,
excitation at 213 nm involved higher-energy and more complex electronic states in which the
aromatic amino acid side chains could participate. Importantly, these excited-state differences
primarily account for the initial photodissociation behavior and did not show a general

determining effect on subsequent crosslinking yields.

Overall, this study demonstrates that stable ground-state n—r stacking is not required for
efficient nitrile-imine crosslinking. Most tetrazole—peptide conjugates formed macrocyclic
crosslinked ions in high proportions following N2 loss, whereas WAAA-4-OCHs-tet-K
exhibited substantial competing fragmentation, suggesting that substituent electronic effects
may alter the subsequent reaction pathways of the intermediate in specific systems. By
distinguishing among ground-state conformation, photoexcitation, and post-N2-loss
crosslinking, this study further refines the mechanistic understanding of gas-phase

nitrile-imine reactions.

Future studies could extend this approach to nucleic acid, protein, and intermolecular
crosslinking systems. More detailed excited-state dynamics calculations and
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wavelength-selective investigations could further enable precise control over the selectivity

and reaction pathways of photochemical crosslinking.
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