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Abstract

Mass Spectrometry-Based Analysis of Photochemical Cross-linking between Nitrile Imine

and Trp, Phe, and Tyr Amino Acid Residues in Gas-Phase Ions

Sizhong Shen

Chair of the Supervisory Committee:
FrantiSek Turecek

Department of Chemistry

In this study, conjugates of 2,5-diaryltetrazole and peptapeptides were photodissociated
by 213 nm UV light. The nitrile imine group was generated from the tetrazole by losing a
nitrogen molecule and cross-linked with carbonyl group of amide or amino acid side chain
through intramolecular reactions. By analyzing the tandem mass spectra of ultraviolet
photodissociation (UVPD) mass spectrometry (MS) and collision induced dissociation (CID)
mass spectrometry, product structures were proposed. Theoretical calculations based on

Born-Oppenheimer molecular dynamics (BOMD) were conducted for the conformational



analyses of the proposed structures, and density-functional theory (DFT) based computations
were used to evaluate isomer energies. Nitrile-imine cross-linking reaction mechanisms were

suggested based on calculated structures of the peptide conjugates and product ions.
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Chapter 1. Introduction

1.1 Photochemical Crosslinking and Nitrile Imines

Crobsslinking is a widely used research method for modifying molecular structures or
conjugating molecules together.!> With carefully designed reactions, crosslinkers attached to
specific positions in a molecule will trigger inter- or intramolecular reactions with other
reactive groups, forming covalent bonds that link those positions. The application of
crosslinking has expanded significantly in recent years. The development of next-generation
materials through crosslinking has a solid theoretical basis and it is now flourishing,** for
example, the development of crosslinked hydrogels from macromolecules has attracted
considerable attention. Crosslinked hydrogels formed from carboxylic acids or
polysaccharides are biochemically-friendly, making them ideal media for drug delivery,
especially their materials are readily accessible.>® Thanks to the chemical bond formed by
crosslinkers, these crosslinked hydrogels exhibit superior stability compared to physical
hydrogels.” By adopting naturally originated materials such as silk, it is possible to produce
durable hydrogels with high adaptability and bioactivity, offering new possibilities in
bioengineering and the medical field.?

On the other hand, research about crosslinking in the biomolecular field, such as studies

on peptides and nucleotides, is also of great interest. >!© Among those latest works, studies



involving photochemical crosslinkers stand out as particularly noteworthy.!! Photochemical
crosslinkers usually stay unreactive until exposed to specific conditions, such as UV light
with a certain wavelength. Through photolysis reaction, the stable crosslinker group, also

known as a tag, is converted into a highly reactive intermediate that initiates covalent bond

Tag Xy
Photo-tagged non-covalent Reactive intermediate Cross-linked covalent
ion-molecule complex product

>:N=N

o_"v>'<3 H_—X-;
\ /) W, W,

Figure 1.1. Photochemical crosslinking, diazirine and benzophenone.

formation (Figure 1.1). In this way, photochemical crosslinkers become valuable tools for
cmodifying or conjugating biomolecules, such as peptides. Most common photochemical
crosslinkers, like diazirine, generate reactive carbenes upon activation, while nitrenes or other
intermediates may also be involved in cases with other crosslinkers. Photo-activable amino
acids with diazirine or benzophenone tags (i.e., amino acids with photochemical tags attached
to their side chains) have been applied in peptide research for over 30 years and are now
commercially available.!> However, as research progresses, some drawbacks of carbenes and
diradical intermediates have been identified. When working with diazirine, activating takes

longer because electron excitation from the ground-state 7xy molecular orbital to the i



first excited singlet state is inefficient, thus resulting in an extended data acquisition time.
This brings drawbacks for gaseous phase studies, such as mass spectrometry.'*> Secondly,
when activated with UV light at a wavelength of approximately 365 nm, the diazirine group
generates a carbene intermediate that becomes highly reactive with C-H, O—H, and N-H
single bonds. However, its reactivity with C—H bonds can lead to unfavorable side reactions
and brings additional challenges for data analysis: the lack of selectivity makes carbene-based
crosslinkers less suitable in certain applications.!* Additionally, due to the very short half-life
of the reactive intermediates (caused by their rapid self-destruction reactions), both diazirine
and benzophenone have a low probability of reacting with intended targets: these
intermediates may yield low crosslinking efficiency.!!:!?

As a class of synthetic heterocyclic compounds, tetrazoles are widely used in
pharmaceutical research and in the design of high-performance explosives.!>!® However, the
reactive intermediate nitrile imine, generated from tetrazoles under heat or UV light, has
recently gained attention and made 2,5-diaryltetrazoles novel photo-tags in photochemical
crosslinking research. Nitrile imines have been applied in organic synthesis for a long time,!”
and the discovery of photodecomposition of diaryltetrazole group and the formation of nitrile
imines in 1959 built the theoretical basis of the photochemical crosslinking attempts.'® Nitrile
imines are known to undergo well-known [ 3 + 2] cycloadditions with various dipolarophiles

Figure 1.2),'%2%2! but recent research also pointed out its possibility of not only reacting with
g p p Y y g

amide group,?! carboxyl group,!!?? but also with primary amine group.?
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Figure 1.2. Formation of nitrile imine and [ 3 + 2] addition.?!

These discoveries demonstrate the potential of nitrile imines as a universal tool for
biomolecular conjugation.?! Comparing with the tags employing carbene or nitrene
intermediates, 2,5-diaryltetrazoles have some benefits, especially for experiments in the gas
phase as applied in mass spectrometry. First, photoactivation of the nitrile imine takes much
less time than with regular crosslinkers to react in the gas phase. Since 2,5-diaryltetrazole has
a major absorption band with Amax = 255nm,2* the energy provided by photons is about 4.96
eV (479 kJ/mol). According to calculations based on M06-2X/6-311++G(2d,p), the reaction
enthalpy of tetrazole dissociation by loss of N> is about 51 kJ/mol, which is much less than
the energy provided by photons. Due to this great energy difference, the crosslinking reaction
could occur on a millisecond time scale and elongated irradiation time is avoided. * Second,
this rapid reaction considerably improves the crosslinking yield. Research done in the
Turecek research group has shown that crosslinking yields as high as 69% to 80% were
reached in some peptide samples, and even a 90% yield was possible.!3?? These benefits
make nitrile-imine-based crosslinkers ideal tools for biomolecular structure research.
1.2 Crosslinking Mass Spectrometry in Protein Research

Due to the invention of electrospray ionization (ESI) and Matrix-assisted laser
desorption/ionization (MALDI) in 1960s to 1980s, as well as the rapid development of
algorithms and instrument after 1990, mass spectrometry (MS) has become a powerful tool in

medical and biomolecular research, especially for proteins.?> Thanks to the high resolution



measurement of m/z ratio, multiple studies, particularly those about post-translational
modifications, have highlighted the crucial role of tandem mass spectrometry (MS/MS) in
detecting amino acid sequence modifications?¢ as well as side-chain changes of amino
acids.?” Among those MS-based methods of peptide research, crosslinking mass spectrometry
(XL-MS) brings considerable benefits in structural research. For those larger molecules that
are not suitable for Fourier transform ion cyclotron-resonance (FTICR)-MS, measuring
distances between positions indirectly with crosslinkers under the help of XL-MS seems a
better solution'*: by measuring the lengths of the crosslinkers that connect the two protein
sites, it is possible to infer the overall structure of the protein even though the real 3D-
structural data is not obtained. After the publishment of some earliest works that conducted
back in early 2000s2®, this field is flourishing and the applications of new technologies bring
more possibilities for future research: for example, prediction of protein structure could be
much easier with the help of deep learning®. However, due to the lack of unified crosslinking
method, analyzing tools, and reporting formats, peer researchers are facing more challenges
when judging the accuracy and reliability of the data, and new learners are also easily
confused by these complex terms and methods'®. These issues are prompting scientists to

focus on related fields and to make more progress.

Chapter 2. Experimental Section
Experiment Design and Research Methods
In 2008, Song et al. reported an approach of using [3+2] cycloaddition to attach

dipolarophiles (C=C double bonds) to a 2,5-diaryltetrazole group that conjugated to the side



chain amino group of lysine under UV light. As a methodology for studying and modifying
peptide structures, and investigating protein conformational and spatial information, nitrile
imine photochemical crosslinking is being developed with more diversified and standardized
crosslinking methods. Recently, more dipolarophiles were discovered to react with
diaryltetrazole based on this cycloaddition reaction, such as amide group and carboxyl
group.?!?> Moreover, a rather unexpected reaction was reported that diaryltetrazole and
primary amine are able to form triazole with a considerable yield, under basic condition and
UV light.2The main goal of the research done by the Turecek research group is to discover
more possible reaction mechanisms of nitrile imines to enrich the crosslinking toolbox and
bring more possibilities to the crosslinking method.

In my research, 5-amino-acid-long peptide chains encoded as “XAAAK” (X could be Y,
F, or W) from N to C terminus were synthesized on solid-support (Wang resin) with
standardized coupling procedures. With the conjugation of a 2,5-diaryltetrazolecarbonyl tag
at the side chain amine of lysine, the peptide chains were called “XAAA-tet-K”, for example,
YAAA-tet-K represents a peptide chain with tyrosine on N terminus and lysine with
diaryltetrazole attachment on C terminus. Crosslinking reactions were conducted in CID-MS
or UVPD-MS with UV laser of 213 nm on a commercially available Thermo Fisher Orbitrap
Ascend instrument. The spectra were analyzed for initial guesses of the structures, and these

structures will be probed by computational analysis (Figure 2.1).
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Figure 2.1. Nitrile Imine Formation and Crosslinking Possibility.

For calculations, a protocol previously developed by our group was followed (Figure
2.2).13 First, Born-Oppenheimer molecular dynamics (BOMD) calculations of 20 ps
trajectories with 1 fs steps were conducted under PM6-D3H4. These calculations used
Berendsen thermostat®! at 510, 610, and 810 K. Semiempirical Hamiltonian, dispersion and
hydrogen-bonding interactions of the structures were used in these calculations. Two hundred
snapshots were selected randomly from each BOMD trajectory, and these structures were
optimized by PM6-D3H4.3 Several structures with lowest energies were selected for further
optimization.

Next, further structural optimization and calculations were conducted based on density
functional theory (DFT) methods. The structures seected from BOMD then further optimized
with B3LYP and 6-31+G(d,p) basis set with empirical dispersion corrections (GD3-
BJ).33-3435 Structures with lower energies were selected and reoptimized with M06-2X with
6-31+G(d,p) basis set. These structures then were used to calculate single-point energies with

M06-2X and def2qzvpp basis set.*® All energy calculations were conducted under a 310 K



condition. In addition, calculations based on M06-2X with 6-31++G(d,p) were conducted for
charge densities. Charge density data were used to calculate ion collision cross sections
(CCS) to be compared with experimental data obtained by our collaborators. Through these
calculations, the structures that had the lowest energy and match the measured CCS data were
regarded as the ones that best represent the real structures of peptide chains, before or after

the crosslinking.

— Born-Oppenheimer » ] Semiempirical
Initial Guess | ==> | Molecular Dynamics > | Snapshot selection | =) gradient geometry
(BOMD) optimization
DFT f i DFT gradient Removing
DFT charge requencies | o ¢ | duplicate
densities AHy, ASt geometry optimization structures

l

Collision cross
sections (CCSy,)

Figure 2.2. Workflow of computational analysis.!?

Chapter 3. Mass Spectrometry-Based Analysis of Photochemical
Crosslinked peptides
3.1 Spectra Analysis and Calculation of YAAA-tet-K

CID-MS? and UVPD-MS? at 213 nm brought different spectra for YAAAK ions
((YAAAK+H) ", m/z 771) (Figure 3.1). Both methods caused a loss of N> from the
diaryltetrazole (m/z 743), but in spectrum of CID, a series of peaks with m/z 537, 466, and
395 were observed with greater intensities. These peaks represented the standard backbone

cleavage of the peptide chain, and according to the peptide ion nomenclature system and,?”-3



these fragments were referred to as [y3 + 2H] " to [y: + 2H] *. Similarly, the peak with m/z
608 is referred to as [x4 + 2H] " due to the elimination of a CsHoNO fragment from the
tyrosine residue after photodissociation of the tetrazole group. From CID-MS? spectrum of
the m/z 608 fragment, a peak with m/z 537 was found and assigned as [x3 + 2H] " based on
the same nomenclature system. However, the m/z 456 and 385 peaks indicated another
fragmentation pattern that shared some similarities with the [y, + 2H] * system, and this
system was referred to as “vn” ions, in our previous work.?> An oxygen transfer occurred
during the process of isolation and fragmentation of m/z 608 ion, and a new C-O double bond
was formed between the electron-deficient carbon and a peptide oxygen atom. At the same

time, two N-H single bonds were formed on nitrile-imine nitrogen atoms. Even though the
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sites of backbone cleavage were the same, the structural changes distinguished the “v,”

fragments from [y, + 2H] " fragments by different m/z values.
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Figure 3.1. a. UVPD-MS? and b. CID-MS? of m/z 771, ¢. UVPD-MS3 of m/z 608, of YAAA-

tet-K sequence

An uncommon fragmentation pattern was found for both UVPD and CID-MS? spectra of
the m/z 743 peak, which consisted of m/z 672, 601, and 530 ions, which is a fragment ion
series representative of crosslinking (Figure 3.2). The consecutive elimination of alanine
residues (indicated as -[Ala], -[AlaAla], -[AlaAlaAla] in figures) indicated that the tyrosine
on the N terminus crosslinked with the nitrile imine in certain way that left the alanine
residues to be chopped off from the chain, like we discussed in previous works.?!?2 However,
the fragments with m/z 580, 509, 438, and 367 formed another fragmentation sequence of

standard backbone cleavage of linear peptide, which showed that some ions were not able to
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crosslink. The peak with m/z 508 indicated the loss of an aniline molecule from the fragment

with m/z 601, and the peak with m/z 437 gave evidence of one alanine residue cleavage from

m/z 508 fragment. CID-MS* spectra of the m/z 635 peak formed by UVPD-MS? indicated

that the peptide ion still maintained a cyclic shape even after the cleavage of

phenylhydrazine, because of the presence of internal loss of alanine residues (m/z 564, 493

peaks). (Figure 3.2).
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Figure 3.2. a. UVPD-MS3 of m/z 743. b. CID-MS? of m/z 743 and c. UVPD-MS* of m/z 635

spectra of YAAA-tet-K sequence.

Primary guesses about the crosslinked peptides were proposed after analyzing the

spectra, and stable structures with low-Gibbs energy were obtained by calculations (Figure

3.3). Y1-Y3 showed the structures before the cleavage of nitrogen, and Y2 obtained the
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lowest Gibbs energy of 0.0 kJ mol !, at 310 K. Structure Y4 represented an intermediate just
after the cleavage of N2, whereby the nitrile imine group was formed but the crosslinking
reaction had yet to happen. This structure had a relative Gibbs energy of 110 kJ mol™!. In our
guesses, according to the spectra, two types of crosslinking products with different structures
were formed. Y7 and Y8 represented the mechanism in which a new C—O double bond was
formed by oxygen transfer and a C-N single bond was formed between the nitrile-imine
nitrogen and the carbon of tyrosine. This was similar to those reported previously for GAAA-
tet-K 2! According to the M06-2X/def2qzvpp calculated energies, Y7 had a lower Gibbs
energy of 58 kJ mol™! in 310 K. On the other hand, based on the UVPD-MS* of m/z 635, we
proposed a new structure for the crosslinking product showed as Y5 and Y6: a C—O single
bond was formed between the tyrosine side chain and the carbon atom of tetrazole ring, while
this carbon atom linked with the nitrile-imine nitrogen with a C—N double bond. At the same

time the phenol hydrogen of the tyrosine side chain was transferred to a nitrile-imine
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nitrogen. In this case, structure Y5 was more stable and had a lower Gibbs energy that we

assigned the reference value of 0.0 kJ mol.
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Figure 3.3. M06-2X/6-31+G(d,p) optimized structures of representative low-energy ions
associated with YAAA-tet-K. Atom color coding is as follows: cyan = C, blue =N, red = O,
gray = H. Only exchangeable hydrogens are shown to avoid clutter. Hydrogen bonds are
visualized by ochre double-headed arrows. Relative Gibbs energies are from
M062X/def2qzvpp single-point energy calculations including B3LYP/6-31+G(d,p) zero-

point corrections, and 310 K enthalpies and entropies.

3.2 Spectra Analysis and Calculation of FAAA-tet-K

The FAAA-tet-K sequence exhibited a similar fragmentation behavior and spectra as
YAAA-tet-K in MS?. Compared to UVPD-MS?, CID-MS? exhibited a greater loss of nitrogen
(m/z 727) and greater [x4 + 2H] " (m/z 608) and [y3 + 2H] "to [y1 + 2H] " (m/z 537, 466, 395)

peaks. The UVPD-MS?3 of the m/z 608 peak exhibited a similar fragmentation pattern as
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shown in the YAAA-ter-K spectrum, [x3 + 2H] ¥, “v2” and “v1” fragments were found in this

spectrum. This indicated that oxygen transfer and the formation of “va” fragments in YAAA-

tet-K and FAAA-fet-K may not closely associated with tyrosine and phenylalanine (Figure
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Figure 3.4. a. UVPD-MS? and b. CID-MS? of m/z 755, ¢. UVPD-MS? of m/z 608, of FAAA-

tet-K sequence

The unique fragment ion series caused by crosslinks was found in the UVPD-MS?
spectrum of the m/z 727 ion, as well. This series consisted of m/z 656, 585, and 514 peaks. At
the same time, [yn + 2H] * ions were found with minor intensities (m/z 580, 438, 367). Peaks
at m/z 634, 492, and 421 were associated with the loss of aniline, and the loss of

phenylhydrazine was indicated by the m/z 619 peak. For the UVPD-MS* spectrum of m/z
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585, most peaks were associated with alanine residue loss, including m/z 468 and m/z 451
peaks that represented the loss of CO, H>0O, and NH3 molecules besides three alanine
residues. The peak of loss of alanine-lysine residues (m/z 368) were unique for FAAA-tet-K

(Figure 3.5).
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Figure 3.5. a. UVPD-MS? of m/z = 727. b. UVPD-MS* of m/z = 585 of FAAA-tet-K

sequence.

Based on our primary guesses and calculation methods, we identified stable structures
with low Gibbs energies. F1-F3 indicated the molecules before the photodissociation of the

tetrazole group, and F2 was a product with th lowest Gibbs energy of -6.8 kJ mol!. F4 and
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F5 represented the structures after photodissociation, and structure F4 exhibited the lowest
Gibbs energy of 0 kJ mol! (Figure 3.6).

! 7 - \ .
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Figure 3.6. M06-2X/6-31+G(d,p) optimized structures of representative low-energy
ions associate with FAAA-tet-K. Relative Gibbs energies are from M062X/def2qzvpp single-
point energy calculations including B3LYP/6-31+G(d,p) zero-point corrections, and 310 K

enthalpies and entropies. Atom color coding same as Figure 3.3.

3.3 Spectra Analysis and Calculations for WAAA-tet-K

Like spectra of YAAA-tet-K and FAAA-tet-K spectra, similar fragment ion series of
backbone cleavage was found in MS? spectra of WAAA-fet-K as well. Similarly, [y; +2H] *
to [y1 + 2H] " (m/z 537, 466, 395), [x4 + 2H] * (m/z 608), and -N» (m/z 766) peaks had greater
relative intensities in CID-MS? spectrum. In the UVPD-MS? spectrum of m/z 608, similar [x3
+ 2H] * (m/z 537) and v2, v1 fragments (m/z 456, 385) were also observed with considerable

intensities (Figure 3.7).
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Figure 3.7. a. UVPD-MS? and b. CID-MS? of m/z = 794, c. UVPD-MS? of m/z = 608 of

WAAA-tet-K sequence

The UVPD-MS? spectrum of the m/z 766 ion was more complex than the other MS?

spectra. Due to the structural complexity of the tryptophan side chain, multiple unique

fragments were found in this spectrum. The m/z 649 and 637 peaks indicated different

fragmentations of the Trp side chain; based on accurate mass measurement of the fragments,

these peaks represented the loss of CsH7N, and CoH7N. These peaks were unique for WAAA-

tet-K spectra, compared to the spectra of other sequences. Crosslinking was indicated by the

peaks with m/z 695, 624, and 553, that represented fragment ions formed by cleavage of

internal alanine residues. The fragment ion at m/z 495 underwent a further loss of CoH7N and

two alanine residues, according to accurate mass measurements. Like with the previous
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sequences, loss of phenylhydrazine was found for WAAA-tet-K with m/z 658, and the peak at
m/z 673 represented the loss of aniline. Fragment ions due to backbone cleavage of typical
linear peptide were found with less intensity at m/z 580 ([ys + 2H] *) and m/z 438 ([y: + 2H]
") (Figure 3.8).

The UVPD-MS* spectrum of the m/z 624 ion, the peaks associated with internal alanine
residue cleavage were found with high relative intensities. A neutral fragment with three
alanine residues lost was indicated as the m/z 553 peak. The fragments of Trp side chain
cleavage were shown as m/z 531 and m/z 495. The peak at m/z 438 was found with a lower
intensity and was labeled as [y> + 2H] ¥, indicating regular linear peptide backbone cleavage.
In UVPD-MS* of the m/z 658 ion, only one peak associated with internal alanine loss was
found at m/z 587, -1[Ala], but the loss of tryptophan side chain was shown as a peak at m/z

529 (Figure 3.8).
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Figure 3.8. a. UVPD-MS? of m/z = 766. b. UVPD-MS* of m/z = 624, and c¢. UVPD-MS* of

m/z = 658 of WAAA-tet-K

Based on our analysis about the spectra, initial guesses of ion structures were optimized

calculations (Figure 3.9). W1-W3 represented the structure before the photolysis reaction of

tetrazole ring, of which W1 was the one with the lowest relative Gibbs energy (0 kJ mol™).

Intermediates after the loss of N> were represented by W4 and W5 of which W4 was regarded

as the more stable structure with a relative Gibbs energy of 0 kJ mol™'.

For the products of the crosslinking reaction, proposed structures could be divided into

two major groups of stereoisomers, and stable structures were found in both groups. As shown

in Figure 3.10, the amide bond between tryptophan and alanine residue could be found either

in a cis (W7-W9) or in a trans state (W10-W12) after the crosslinking reaction. Among the
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structures with a cis amide, W7 was labeled as the most stable structure with a Gibbs energy
of -39 kJ moll. Due to the protonation of the imine group that formed after the crosslink
reaction, the positive charge was transferred to the alpha carbon of the tryptophan residue in
the trans isomer. Among these structures, W10 was the most stable one with a lowest relative
Gibbs energy of -44 kJ mol™!. Besides these structures, W6 in Figure 3.9 represented another
possible crosslinking product in which the nitrile imine group was protonated. The positive

charge is located at the nitrile imine group and this structure had a relative Gibbs energy of 7.3

kJ mol™! (Figure 3.9).
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Figure 3.9. M06-2X/6-31+G(d,p) optimized structures W1-W6 of representative low-energy
ions associated with WA AA-tet-K. Relative Gibbs energies are from M062X/def2qzvpp
single-point energy calculations including B3LYP/6-31+G(d,p) zero-point corrections, and

310 K enthalpies and entropies. Atom color coding same as Figure 3.3.
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Figure 3.10. M06-2X/6-31+G(d,p) optimized structures W7-W12 of representative low-
energy ions associated with WAAA-fet-K . Relative Gibbs energies are from
M062X/def2qzvpp single-point energy calculations including B3LYP/6-31+G(d,p) zero-point

corrections, and 310 K enthalpies and entropies. Atom color coding same as Figure 3.3.

3.4 Crosslinking Yield Analysis

Based on the UVPD-MS? spectra, the crosslinking yields of the peptide-diaryltetrazole
conjugates were obtained. Among these three sequences, WAAA-tet-K was found with the
lowest crosslinking yield of 33% while FAAA-tet-K and YAAA-tet-K gave of 44% and 47%,
respectively. However, in UVPD-CID-MS?, WAAA-fet-K sequence was found with the highest

crosslinking yield of 93%. The peaks that represented tryptophan side chain (m/z 637) and



phenylhydrazine (m/z 658) cleavage contributed greatly to the crosslinking yields.

UVPD-MS?  UVPD-CID-MS?

FTMS FTMS
FAAA-tet-K 44 74
YAAA-tet-K 47 86
WAAA-tet-K 33 93

Table 1. Crosslinking Yields

22
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Chapter 4. Conclusion and Results

In UVPD-MS?2 at 213 nm and CID, nitrile imine intermediates were generated through
nitrogen-loss dissociation of the diaryltetrazole group. In peptide-2,5-diaryltetrazole
conjugates, intramolecular cyclization reactions were observed between the nitrile imine
intermediates and amino acid residues. With the analysis of MS spectra and following
computational studies, structures of the cyclization crosslinking products were inferred, and
reaction mechanisms were proposed. In this study, two types of crosslinking structures were
proposed based on the analysis of spectra: the first one involved the C-N bond formation
between the amide carbon and nitrile-imine nitrogen, while the other one was about the C-O
bond formation between tyrosine side chain and carbon atom of tetrazole ring. Besides new
crosslinking products, the unique sidechain cleavage of the tryptophan residue that was
associated with crosslinking was reported. These results exhibited more possibilities of
crosslinking reactions between amino acid and nitrile imine intermediate in the gas phase, but
further research such as comparison between calculational and experimental collision cross

section are still needed to confirm these structures and mechanisms in a more persuasive way.
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