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Computational methods were applied to explore the behavior of nitrile imines as photocross-
linkers in gas-phase peptide ions. Irradiating peptide-2,5-diaryltetrazole conjugates (peptide-tet)
at 250 and 213 nm vyielded nitrile imines, which crosslinked with amide carbonyl and side-chain
groups in the peptides. Structural and compositional analysis of crosslinked products was
conducted using collision-induced dissociation (CID), ultraviolet photodissociation (UVPD)
tandem mass spectrometry, and cyclic ion mobility mass spectrometry (c-IMS).
Photodissociation tandem mass spectrometry was studied at two wavelengths to probe the
energetics of nitrile-imine intermediate formation and its effect on crosslinking. Theoretical

calculations were performed using Born-Oppenheimer molecular dynamics for conformational



analysis and density-functional theory (DFT) to evaluate isomer energies. lon trajectory methods
were used to calculate collision cross sections (CCS) of precursors and potential intermediates.
Integrating computational data with experimental mass spectra and c-IMS measurements
provided a comprehensive understanding of nitrile imine's role as a peptide photocrosslinker in

gas-phase ions.
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Chapter 1. INTRODUCTION

1.1  CHEMICAL CROSSLINKING AND MASS SPECTROMETRY

Chemical crosslinking is the process of forming covalent bonds between two or more
molecules, either intermolecularly or intramolecularly.* These bonding agents are known as
“crosslinking reagents” or “crosslinkers”. They are categorized into various types based on
factors such as reactivity and the length of the spacer, each serving specific functions and
applications.?® Recently, chemical crosslinking has become a valuable tool for studying
biomolecules like proteins.* In the biomedical and food packaging industries, a wide range of
materials are synthesized utilizing chemical crosslinking methods alongside physical or
enzymatic approaches, offering a versatile means to tailor properties such as mechanical
strength, biocompatibility, and barrier properties, therefore contributing to the development of
advanced biomaterials and sustainable packaging solutions.>>® These chemical methods employ
compounds or crosslinkers sourced from natural origins or synthesized, capable of establishing
either covalent or non-covalent bonds with proteins, facilitating linkages through agents such as
carbodiimides or epoxides, with the emergence of photo-induced novel chemical crosslinkers
offering additional possibilities.’

With the advancement in understanding the properties of proteins in the gas phase and
ongoing instrument development, both during the transition from solution to gas phase® and
throughout the flight path within the mass spectrometer,® it is increasingly evident that mass
spectrometry (MS) has emerged as a cornerstone in the field of structural biology. This

technology has revolutionized the capacity to decipher the intricate details of biomolecular



interactions. Taking advantages of MS, cross-linking mass spectrometry (XLMS) has become a
resilient and versatile instrument, providing medium - resolution for structure studies.
Analysis of cross-linked peptides by mass spectrometry harnesses several advantages
associated with MS analysis.!! Firstly, the mass of the protein or protein complex being studied
is theoretically unlimited, as it is the proteolytic peptides that are analyzed, particularly in cases
where a bottom-up strategy is employed. Secondly, MS analysis is generally rapid and requires
only femtomole amounts of total protein, even in challenging situations. Additionally, this
approach provides insights into the three-dimensional structures of proteins in solution, with
flexible regions readily identifiable. Moreover, it is versatile, allowing for the analysis of
membrane proteins and proteins existing as mixtures of different species, such as those with
post-translational modifications or splice variants. Cross-linking reagents offer a broad range of
specificities towards various functional groups like primary amines, sulfhydryls, or carboxylic
acids, enabling a wide variety of experimental approaches. Furthermore, MS can provide site
specific, low-resolution distance constraints with significantly lower sample quantities compared
to NMR or X-ray crystallography, along with faster experimental turnaround times. Finally, MS
analysis does not require specific solvents, allowing for in vitro experiments under conditions
mimicking native protein environments, which is not feasible with high-resolution techniques
like NMR or X-ray crystallography. The recent development of MS-cleavable crosslinkers
designed to break in the gas phase during MS? analysis has significantly simplified data analysis.
For example, of one of the advantages listed above, MS-cleavable crosslinkers, such as
disuccinimidyl sulfoxide (DSSO) and disuccinimidyl dibutyric urea (DSBU), yield two linear
peptides containing segments of the crosslinking reagent, distinguishing them from non-

crosslinked peptides (as shown in Figure 1.1).12 By leveraging the MS signature of the cleavable



crosslinker, peptides can be sequenced and identified through MS?® analysis, facilitating

accelerated data processing.
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Figure 1. 1. Fragmentation of MS-cleavable crosslinkers by MS2.12

1.2 PHOTODISSOCIATIVE CROSS-LINKING IN THE GAS PHASE

The utilization of photochemical crosslinking has been introduced as a novel method for
investigating biomolecular structures and dynamics.*! Photoreactive groups can be activated to
react with target molecules by exposure to UV light. Prior to photolysis, photosensitive
functional groups have relatively low reactivity. Therefore, highly controlled conditions required
experiences can be benefited from utilizing photoreactive cross-linking reagents.' Due to that
characteristics, photochemical crosslinking is an established method for structure elucidation of
protein-protein'® and protein-nucleic acid complexes.***®

Gas-phase crosslinking is distinguished by several notable features.!® Firstly, it involves
complex formation within electrospray droplets, facilitating library-type screening of crosslinked
species. Secondly, the process offers a well-defined stoichiometry of the complexes due to mass-

selective isolation, ensuring precise control over the composition of the crosslinked species.



Additionally, gas-phase crosslinking enables facile monitoring of the reaction progress and
determination of yield, enhancing experimental efficiency. Furthermore, post-crosslinking
structure analysis is achievable through tandem mass spectrometry, which can be complemented
by techniques such as hydrogen-deuterium exchange, UV-vis action spectroscopy, and ion
mobility measurements, providing comprehensive insights into the structural dynamics of
crosslinked biomolecular complexes.

Crosslinking relies on highly reactive intermediates that are transiently produced by
photolysis of a stable precursor group (Tag) which is introduced into one component (Probe) of
the complex (Figure 1.2). Upon formation, the reactive group (R) undergoes rapid insertion into
the sterically accessible X-H bonds in the target component (X = C, N, O), thus forming a

covalent bond via a bridging group (L) and converting the complex into a molecule.

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

>=N=N

N
| N, X
O hv i . . H—X i X
- ol OH

Figure 1. 2. Photodissociative crosslinking.®
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Westheimer et al.}” and Knowles and coworkers introduced the concepts of crosslinking and
photoaffinity labeling in the 1960s. 8 Reactive intermediates like nitrenes!® and carbenes, %2
produced through photodissociation, along with triplet states from photoexcitation in
benzophenone-tagged proteins,?>? have been utilized. Diazirines?®-? and diazoalkanes,? stable
sources of carbene, have been extensively employed in studies involving photoaffinity labeling
and foot printing of various biomolecules. 213932 The generation of reactive carbene occurs
through photodissociation, for instance, at 350-360 nm from diazirines, which then rapidly reacts
with bonds in the target molecule, including addition to double bonds®® and insertion into C-H
bonds. 3435 Spectroscopic techniques®®3” such as EPR3® spectroscopy have aided in product
identification, while reaction kinetics have been explored through methods like laser flash
photolysis,® analysis of kinetic isotope effects,*® and quantum mechanical tunneling* revealing
very low activation energies for insertion reactions. 35-3 In parallel, carbene insertion reactions
have been used to achieve covalent crosslinking in non-covalent complexes that almost always
involved polar compounds, such as peptides, proteins, etc.!?! where low activation energies
were presumed to facilitate covalent bond formation.

The choice of reactive groups has been limited by the requirement that the precursor is

stable and can be incorporated into the complex in a site-specific manner.

N I ivallle 0
Il
N
e
HaN COCH HoN COOH L OH HaN COOH
photo-Leu photo-Met photo-Pro photo-Lys

Figure 1. 3. Diazirine-tagged amino acids available commercially.®



The Turecek group has introduced photochemical crosslinking in gas-phase peptide-
peptide,*1-*® peptide-nucleotide,*” and peptide-ligand complexes.*® This has relied on carbene
intermediates that were generated by UV-vis photodissociation (UVPD) of diazirine-tagged
peptides or ligands.*® Diazirine photodissociation is readily monitored by mass change in the
gas-phase complex ion by N, elimination. Crosslinks are analyzed by CID-MS?® sequencing that
allows one to identify the amino acid residues that were targeted by the carbene.*! This scheme is
fundamentally different from other methods of gas-phase covalent bond formation, such as non-
selective photodissociation of small peptide complexes at 157 nm,*® or gas-phase anion-cation
reactions of active esters with peptide N-terminus.*®! Photoexcitation at 157 nm is inherently
nonselective because it does not target a particular chromophore, and thus cannot be used for
structure analysis of the complex. lon-ion reactions do not address non-covalent complexes
whereas the interaction between the gas-phase reagents is dominated by strong ion-ion attractive
interactions. While carbene-based crosslinking can be considered a general method of wide
applicability, it also has inherent limitations. One of those is the very low extinction coefficient
for the electronic excitation in the diazirine ring. This involves the dipole forbidden xy— z
transition®%2’ that has a very low oscillator strength, which adversely affects the
photodissociation conversion. Another drawback is the overall indiscriminate carbene reactivity
that can attack any proximate X-H bond in the target moiety, which complicates product

analysis.



Chapter 2. BACKGROUND

2.1  NITRILE IMINE AS PEPTIDE-PEPTIDE PHOTODISSOCIATIVE CROSSLINKERS

Nitrile imines were discovered by Huisgen et al. in 1959.5 Since then, nitrile imines have
become a more and more popular with organic and material chemists due to their broad
applicability in the synthesis of biological scaffolds®® on par with novel synthetic materials.>*
The most common precursors of nitrile imines are hydrazonyl halides and 2,5-diaryltetrazoles.

The use of nitrile imines as peptide-peptide photodissociative crosslinkers represents a
cutting-edge approach in mass spectrometry-based structural biology. By harnessing the unique
chemical properties of nitrile imines, researchers can selectively and covalently link peptides,
providing precise spatial information about their interactions. This methodology finds
applications in studying peptide-protein interactions, mapping peptide structures, and
investigating conformational changes. As researchers optimize methodologies, tackle
computational challenges, and explore new frontiers, the use of nitrile imines as crosslinkers
holds great promise in unraveling deeper layers of the structural intricacies governing peptides
and their dynamic interactions in biological systems.

Nitrile imines are characterized by the presence of a reactive nitrile group and an imine
moiety. The reactive intermediates are known to undergo [3+2] cycloadditions® to enones,
alkylidene malonates, and a broad range of other dipolarophiles, that have been used in the
synthesis of various five-membered heterocyclic systems, as shown in Figure 2.1.%°1 As
reactive intermediates, nitrile imines are readily accessible by photolysis or thermolysis of
tetrazoles, base-induced elimination from hydrazony! halides, and by other methods.%2 2,5-
Diaryltetrazole carboxylates have been used by Song et al. to conjugate the tetrazole group to the

lysine -amino group in peptides for further modifications by [3+2] cycloaddition with
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dipolarophiles.®® Despite the broad range of dipolarophiles used for reactions with nitrile imines,
there has been paucity of reports of reactions with functional groups pertinent to biomolecules,
such as amide groups in proteins and purine and pyrimidine heterocycles in nucleic acids.
Chlorinated nitrile imines have been reported to undergo [3+2] cycloaddition to enamides, but
addition to an inactivated amide group has not been reported. The electronic properties of nitrile
imines have been studied by Wentrup and coworkers.546°

X -

o= O+ X
TN, e 2R el
N, ——> o\ N~r, —
RN R N, RN RN AR

Figure 2. 1. Formation of nitrile imines from tetrazoles and [3+2] addition to dipolarophiles

The photoactivation of nitrile imines is a crucial step in the crosslinking process. Laser
irradiation at the appropriate wavelength induces loss of N2, generating reactive species that
facilitate the formation of covalent bonds. The choice of activation wavelength is determined by
the specific properties of the nitrile imine used, optimizing the efficiency and specificity of the
crosslinking reaction.®® Nitrile imines exhibit high specificity in their reactivity, contributing to
the accuracy of the crosslinking process. This specificity is crucial for selectively capturing
interactions between peptides without introducing non-specific crosslinks, enhancing the
reliability of the structural information obtained. The calculated reaction enthalpy indicates that
photodissociation at 250 nm, providing photons with 4.96 eV (479 kJ mol™) energy, is more than
sufficient to break the tetrazole ring. As opposed to reactions in the condensed phase, the energy

excess in the nitrile imine formation, AHexc = 479 — 80 = 399 kJ mol™!, is temporarily stored in



the gas-phase ion because of slow collisional cooling®’® and can be used to drive further

reactions with proximate functional groups.

hvorA
_ >
N,
® AH, 0 = 80 kJ mol-! ®
HaN——GAAA__ : HaN—GAAA __
N COOH ﬁ COOH

Figure 2. 2. Nitrile imine thermochemistry

2.2 APPLIED COMPUTATIONAL METHODS

To further exploit the advantages of nitrile imines as a peptide-peptide photodissociative
crosslinkers, 1 have applied computational methods to investigate ion structures, and crosslinking
reaction mechanisms and dynamics at the molecular level. This allows for a deeper
understanding of how crosslinking occurs and how it impacts the properties and behavior of the
resulting materials or molecules.

lon structures were obtained by a multistep procedure shown in Figure 2.3. Briefly,
several conformers were generated by Born-Oppenheimer molecular dynamics (BOMD)
calculations of 20 ps trajectories with 1 fs steps that was performed by PM6-D3H4.%° These
calculations were run under the high-level Cuby4 platform,” developed by Rezag, with the
Berendsen thermostat algorithm.” PM6 calculations were run under MOPAC.”2 It should be
noted that because both electron and nuclear motions are treated explicitly by BOMD, the initial

proton positions are not fixed and protons can move among accessible positions in the course of
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the trajectory calculations. Two hundred snapshots of each trajectory were taken at regular
intervals and fully gradient-optimized with the all-valence-electron semi-empirical PM6-D3H4
method, that captures hydrogen bonds and dispersion interactions in the complexes.

In the next step along this computational process, multiple selected complex structures
are fully optimized by density functional theory (DFT) methods and ranked by their relative
Gibbs energies. In more details, the resulting structure set from BOMD and PM6-D3H4
calculations were compacted by removing duplicates and submitted to gradient geometry
optimization with B3LYP hybrid density functional® that was augmented by empirical
dispersion terms’* with Becke-Johnson damping (GD3-BJ).” for smooth convergence of
geometry and energy. This provided several structures for each protomer that were characterized
by harmonic frequency calculations, that were used to evaluate enthalpies, entropies, and thermal
free-energy corrections, as local energy minima.

Additional sets of B3LYP optimized geometries were obtained by M06-2X calculations’
with the 6-31+G(d,p) basis set that were also used for single-point energy calculations with M06-
2X/6-311++G(2d,p). This is natural for M06-2X/6-311++G(2d,p) single-point energy
calculations, where triple-C quality basis sets improve accuracy and were used by Zhao and
Truhlar to benchmark the density functional.”® Charge distributions were calculated according to
Merz, Singh and Kollman (MK) scheme.””-"® Collisional cross sections were calculated by the
modified ion trajectory method (MobCalMPI),”9® package of leritano, Hopkins et al., using the
MK charge densities. The experimental localization of crosslinked regions and CCS data along
with computational structure and energy analysis represent a powerful approach that allows one
to achieve de novo structure assignments for ion complexes. Excited states were calculated by

time-dependent density functional theory®! using M06-2X/6-31+G(d,p). Typically, 15-20 excited



states were considered. Vibronic absorption spectra were calculated for electronic excitations

from 300 Wigner configurations®?# that were generated from B3LYP vibrational frequencies

and sorted out by their Boltzmann factors. These calculations were run using the NewtonX

software.8
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Chapter 3. COMPUTATION INVESTIGATION OF NITRILE IMINES
IN GAS-PHASE IONS

3.1 GAs-PHASE PEPTIDE IONS

The effect on nitrile imine formation and dissociations of modifying the C-terminus and
N-terminal amino acid residues in the peptide-tet conjugates had been investigated.
Modifications of the N-terminal residues such as in (GAAA(tet)K + H)* did not affect UVPD,
resulting in an efficient loss of N2 and nitrile imine formation. Similarly, placing the tet-tagged
lysine at the N-terminus as in ((tet) KAAAG + H)", resulted in efficient N2 loss upon UVPD.

BOMD and DFT calculations were used to establish theoretical ion structures.

(GAAA(tel)K+H)*
100 < (665)

637

> 804

2

7} | =N,

2 o0 ;

@

2 40 4

L)

7]

E 20 —CH,NH

t 545 '5?3
(a) U e r———— e e M2

200 250 300 350 400 450 500 550 600 650 700

Figure 3. 1. UVPD-MS? spectra, 2 laser pulses at 250 nm, of (GAAA(tet)K + H)*, m/z 665
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With the purpose to understand more about the potential structures of (GAAA(tet)K +
H)* in the MS, BOMD and DFT calculations of ion structures were also performed to explore the

structures of (GAAA(tet)K + H)* and its photodissociation products in gas phase ions.
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Figure 3. 2. M06-2X/6-31+G(d,p) optimized structures of representative low-energy

(GAAA(tet)K + H)" ions

The fundamental question regarding the observed cyclizations in protonated ions was
whether they occurred upon the photochemical nitrile imine formation or were promoted by
subsequent collisional activation of isolated stable nitrile imine ions. To answer this question, we
used action spectroscopy to obtain the UV-vis spectra of the (GAAA(tet-N2)K + H)* ions. The
spectra were obtained in the CID-UVPD mode where the nitrile imine ions used for the action
spectra measurements were generated by CID-MS? from the tetrazole conjugates. Since CID in
the ion trap is performed in a mass-resonant mode, the resulting (peptide(tet-N2) + H)" ions are
not further activated. The action spectrum of (GAAA(tet-N2)K + H)*, which has only a nitrile-

imine related chromophore absorbing in the 210-700 nm region, is representative (Figure 3.3).
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The action spectrum was monitored for the m/z 608 (loss of CH2=NH, major fragment ion), m/z
495 (loss of Ala-Ala), m/z 424 (loss of Ala-Ala-Ala), and m/z 367 (loss of Gly-Ala-Ala-Ala)

photofragment ion channels. The spectrum showed a composite band with maxima at 220, 240,
and 250 nm, and another weaker broad band at 270 nm. No absorption was detected above 350

nm.
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m/z 367
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Sum of fragment ions
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Fragment lon Relative Intensity
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Figure 3. 3. UVPD action spectra of (GAAA(tet-N2)K + H)*

To interpret the spectra and assign the absorption bands, we carried out extensive BOMD
DFT calculations of ion structures and excited electronic states for (GAAA(tet-N2)K + H)*. The
initial guesses in these calculations were nitrile imine protomers and conformers, as well as
cyclized structures involving functional groups that can potentially give rise to the major
fragment ions in the CID-MS? spectra. These features involved a free neutral or protonated Gly
CH:2NH: group to account for the loss of CH2=NH, and a retained phenyl-N-N segment for the

loss of phenylhydrazine. The lowest-energy structures of each type are shown in Figure 3.4.
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Figure 3. 4. M06-2X/6-31+G(d,p) optimized structures of representative low-energy
(GAAA(tet-N2)K + H)" ions G1-G8. 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 double-headed ochre arrows.

For several (GAAA(tet-N2)K + H)* isomers, we also calculated vibronic absorption
spectra at 350 K that included excitations from 300 configurations representing the vibrational
states of the ions. The low-energy nitrile imines (G1 and G2) showed vibronic spectra that
strongly depended on the ion conformation. The lowest-energy conformer G1 (Figure 3.4)
showed a very weak transition to the first excited state at 438 nm (Figure 3.5a). The main
transitions at 272, 269, and 246 nm gave rise to the compact band in the vibronic spectrum with a
maximum at 270 nm. The other low-energy conformer (G2, 13 kJ mol™ relative to G1, Table
3.1) showed a strong transition to the second excited state at 290 nm that was spread over a
broad range of transitions in the thermal ion reaching beyond 400 nm (Figure 3.5b). Structures

produced by simple proton transfer to the nitrile imine group (G3, 28 kJ mol™ relative to G1)
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showed a strong transition to the first excited state at 330 nm (Figure 3.5c) that was incompatible
with the action spectrum. The lowest energy structures belonged to hydrazidines (e.g., G4, -84 kJ
mol™ relative to G1) arising by nucleophilic attack at the nitrile imine by the Gly amine group.
However, the vibronic spectrum of G4 showed major bands at 220 nm and an absorption profile
that was incompatible with the action spectrum (Figure 3.5d). Oxadiazoles were another type of
product that could have arisen by formal [3+2] addition of the Gly amide to the nitrile imine. The
lowest energy oxadiazole isomer (G5, -68 kJ mol™ relative to G1) had a vibronic spectrum that
showed a strong transition at 310 nm that resulted in bands at 315 and 345 nm that, however,

were absent in the action spectrum (Figure 3.5¢e).
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Figure 3. 5. (a)-(h): M06-2X/6-31+G(d,p) vibronic spectra of (GAAA(tet-N2)K + H)* isomers
G1-G8. Vertical lines represent TD-DFT electron transitions at 0 K. For ion structures, see

Figure 3.4.

Since, according to the calculations, the oxadiazole C-O bond in G5 was weak (AHmn =
24 kJ mol™Y), breaking it was considered to be facile. Opening of the oxadiazole ring, followed by
proton transfer, formed N-C linked hydrazones that are represented as conformers G6 and G7
(-44 and -4 kJ mol?, respectively, relative to G1). The respective vibronic spectra showed bands
in the 240-260 nm region (Figure 3.5f,g), and the position of the maxima and the shape of these

bands were in good agreement with the bands in the action spectrum. Another low-energy
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conformer of this type (G8, Figure 3.4) had a vibronic spectrum (Figure 3.5h) that was very

similar to those of G6 and G7, illustrating the general features of the diarylhydrazone
chromophore. In summary, structures G1, and G6-G8 provided the best match with the action
spectrum of the (GAAA(tet-N2)K + H)* ion.

In an effort to further characterize the ions of interest, we investigated the composition
and structures of the peptide tetrazole conjugates and their crosslinked products using cyclic ion
mobility spectrometry (c-IMS).8 This allowed us to separate isomers by their arrival times and
obtain collision cross sections (CCSexp) in N2. (GAAA(tet)K + H)* ions showed single peak after
five passes (490 cm pathlength) of c-IMS, indicating structurally homogeneous ions (Figure 3.6).
The measured CCSexp = 256 A? was matched by the calculated CCSy for the lowest Gibbsenergy
conformers of these ions (Figure 3.6). The ion was protonated at the N-terminus regardless of the
initial proton position in structures that were submitted to BOMD. The optimized structures
showed globular peptide moieties that were maintained by multiple intramolecular hydrogen
bonds. The 2,5-diaryl tetrazole moiety was positioned at the ion periphery and, with the
exception of its carbonyl, was not linked by hydrogen bonds to the peptide polar groups. This
indicated that the tetrazole group may be viewed as a spectator without significantly affecting the
peptide ion conformation. On the other hand, the rigid structure of the 2,5-diaryl tetrazole moiety
limits access of the incipient nitrile imine to amide bonds and other functional groups to be
located close to the pentapeptide N-terminus. From the optimized structures one can assess the
minimum number of four residues that separate the tetrazole ring and the incipient nitrile imine

from the nearest sterically possible crosslinking site.
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Figure 3. 6. Arrival time profile (5 cycles), optimized structure of (GAAA(tet)K + H)".

In contrast to the precursor ions, the (GAAA(tet-N2)K + H)* ion generated by CID was

mixtures of isomers (Figure 3.7). According to c-IMS, (GAAA(tet-N2)K + H)* produced two

major peaks of CCSexp =24

peaks (Figure 3.7.)

80

Relative Intensity

20 4

40 4

6 A% and 254 A? that were accompanied by two additional minor

vvvvv

T TR T
+1 246 A2
LR
¢ 3
s %
BR! 254 A?
R ! A
’ .. ...'
! 4
. .
¢’ .
’ .
.
J’T‘ - — —r ‘,%, 4
105 110 115 120 125 130
t, (ms)

Figure 3. 7. Arrival time distributions after five passes of (GAAA(tet-N2)K + H)* with

experimental CCSeyxp for the major peaks.
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The CCSexp of (GAAA(tet-N2)K + H)™ were compared to CCSi, that were calculated for

several structure types (G1-G8, Table 3.1). Nitrile imines G1 and G2 had CCSy in the 246-250
AZrange that overlapped with the 246 A? peak in Figure 3.7. Considering the minor band at 270
nm in the Figure 3.3 action spectrum that can be attributed to a nitrile imine, the combined data
indicated the presence of an unreacted nitrile imine in the mixture. Consistent with this
conclusion, the CID-MS2 spectrum of (GAAA(tet-N2)K + H)* (Figure 3.8) showed a minor y»
ion at m/z 438 which indicated loss of a Gly-Ala-Ala bz neutral fragment from the straight

peptide chain.
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Figure 3. 8. CID-MS3 spectrum of (GAAA(tet-N2)K + H)* ion.

The CCS of the protonated nitrile imine isomer G3 (257.5 A?) was close to that of the
second major peak in the c-IMS arrival time profile. However, isomer G3 was excluded on the
basis of its incompatible absorption spectrum (Figure 3.5c). The low-energy hydrazidine G4 had
a CCSy that did not match any of the experimental values and, in accordance with its
nonmatching vibronic spectrum (Figure 3.5d), was excluded. The CCSt of oxadiazole G5 was at

the low end of the CCSexp values; however, its vibronic spectrum (Figure 3.5e) did not match the
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action spectrum. The CCS of hydrazones G6 (251.3 A?) and G7 (241.5 A?) matched within

-1.1% and -1.8%, respectively, the CCSexp Of the major peaks from c-IMS. In addition, another
conformer of the same type (G8) had CCSw = 243 A% which was within -1.1% of the CCSexp of
the major c-IMS peak. In addition to having closely related CCS, structures G6-G8 also had
vibronic spectra that match the major bands in the action spectrum of (GAAA(tet-N2)K + H)*.
Hence, the combination of c-IMS and UV-vis action spectroscopy provided data that upon
analysis allowed us to assign probable structures to the reaction products while excluding those
that showed close fits in only one type of experimental data.

Table 3. 1. Calculated relative energies and collision cross sections of

(GAAA(tet-N2)K + H)" ions.

ion relative energy®®¢  CCSH
Gl 0 (0) 249.6 + 1.0°
G2 13 (19) 2453+ 1.2
G3 28 (17) 2575+ 1.4
G4 -84 (-65) 2315+ 1.0
G5 67 (-54) 241.3+ 0.6
G6 43 (-33) 2513+ 1.4
G7 -44 (-30) 2415+ 1.0
G8 -32 (-18) 242.9+ 1.0

2In kJ mol™. °From M06-2X/6-311++G(2d,p) single-point energy calculations including zero-
point energies and referring to 0 K. °Relative Gibbs energies at 310 K in parentheses. In A2,

¢Standard deviations from multiple runs (n = 10).

The formation of crosslinked structures G6-G8 raised the question of the pertinent

reaction mechanism(s). These structures showed the formation of a C=0 bond by amide oxygen
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transfer to the nitrile imine carbon, and a new C-N bond to the imine nitrogen. We proposed a
tentative mechanism that accounts for these changes in (GAAA(tet-N2)K + H)*™ which is shown
in Figure 3.9. A formal [3+2] addition of the Gly amide to the nitrile imine was presumed to
initially form intermediate 3. This step may be facilitated by proton transfer to the nitrile imine;
note that the role of catalytical initial proton transfer was corroborated by the absence of
crosslinking in sodium ion adducts (Figure 3.10) that lacked active protons. The protonated
oxapyrrazoline ring in 3 presumably opened by breaking the quaternary C-O bond, forming a
hydrazide (4), which in (GAAA(tet-N2)K + H)* was finally stabilized by proton migration back
to the N-terminal amine group, producing conformers 2a,2b. Structures 2a,2b were compatible
with the major dissociations of (GAAA(tet-N2)K + H)* ions upon CID that showed loss of
CH>=NH and PhNHNH: (Figure 3.8) The final step of proton migration (4 — 2a,b) may be
reversible, depending on the basicity of the pertinent nitrogen atoms and proton stabilization by

hydrogen bonding.
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Figure 3. 9. Proposed mechanism for nitrile imine-amide crosslinking.
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Figure 3. 10. UVPD-CID-MS? spectra of (GAAA(tet-N2)K-COONa + Na)*, m/z 681.

To further explore the nitrile-imine reactivity towards other functional groups, we
investigated the non-covalent ion complex of dinucleotide 2'-deoxycytidylguanosine (dCG) with
the GAAAK-tet peptide. The singly protonated complex, (dCG-GAAAK-tet + H)*, was
produced by electrospray ionization, selected by mass (m/z 1221), and submitted to UVPD.
Figure 3.11a shows that efficient (>50%) photodissociation was achieved in 2 laser pulses at 250
nm that triggered loss of N2 from the tetrazole ring. CID-MS?® of the mass-selected photoproduct
(m/z 1193, Figure 3.11b) resulted in a highly selective loss of cytosine (C, m/z 1082) and
dideoxycytidine (dC, m/z 984) by standard phosphoric ester elimination.8%# In contrast, no loss
of guanosine was observed, as evidenced by the lack of a m/z 944 fragment ion. Only a very
minor fraction of (dCG-GAAA(tet-N2)K + H)* underwent dissociation to the components, as
documented by the very weak peak of (GAAA(tet-N2)K + H)* at m/z 637 (Figure 3.11b). The
spectra can be unequivocally interpreted as evidence for highly efficient and selective nitrile

imine crosslinking to the guanine ring. BOMD + DFT calculations of (dCG-GAAAK-tet + H)*
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precursor complexes indicated low-energy structures in which cytosine was protonated at N-3,

and the guanine ring was wedged in a loop formed by GAAA(tet)K (Figure 3.11a, inset). We

note that protonation of free dCG favors the guanine N-7 position,® so the low energy of

cytosine-protonated (dCG-GAAAK-tet + H)* must be due to the nucleobase coordination to the

tetrazole system. This complex geometry may favor proton transfer to the nitrile imine, followed

by addition to the guanine ring. The guanine bonds engaged in the nitrile-imine reaction (C=0,

N7-C8, etc.), structures of the crosslink(s), and the mechanism of this new reaction are currently

being investigated.
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Figure 3. 11. (a) UVPD-MS? spectrum of the (dCG-GAAA(tet)K + H)* complex. Inset

shows the M06-2X/6-31+G(d,p)-optimized structure of a low-energy ion. Only exchangeable

hydrogens are shown to avoid clutter. (b) CID-MS? spectrum of (dCG-GAAA(tet-N2)K + H)*.

Hydrogen bonds are visualized by double-headed purple arrows.
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3.1.2  (tet)KAAAG
Placing the tet-tagged at the N-terminus of peptide chain was also performed for more
complete vision of gas-phase nitrile imine crosslinking behaviors. As expected, modifications of
the N-terminal residues, such as in ((tet) KAAAG + H)", did not affect UVPD, resulting in an

efficient loss of N2 and nitrile imine formation (as shown in Figure 3.12a)

-,
637

100 4 ((tet)KAAAG + H)*
{BB5)

2 801
&
@
g
@
2 40 4
i
4

0 1 —C;H:N

L E48
(ﬂ] 0 'U'r'l ‘Tf_'l*l' Jl'"'r""r""ll' e MVZ
200 250 300 350 400 450 500 550 600 650 700
H O
819

100 o ((tet—No)KAAAG + H)*
z %07
o
5 B37)
g 60" . !
o _AA
E A0 485 —A EEUEQE
o _AAA 565 -CO
o 424 G &09
2 -AAAG 580

m/z

200 250 300 350 400 450 500 550 600 650 To0

Figure 3. 12. (a) UVPD-MS? spectrum, 2 laser pulses at 250 nm, of ((tet) KAAAG + H )*,

m/z 665, (b) UVPD-CID-MS? spectrum of ((tet-N2)KAAAG + H )*, m/z 637.

CID-MS? of the inverted sequence ion, ((tet-N2)KAAAG + H)*, showed a major loss of
water and internal fragments by loss of Gly, Ala, Ala-Gly, Ala-Ala, and Ala-Ala-Ala (Figure

3.12b) attested to a ring structure formed by nitrile imine crosslinking. Fragment ions of the by
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type, which are characteristic of glycine C-terminated N-linked conjugates,®® were absent in the
CID-MS? spectrum of ((tet-N2)KAAAG + H)*, also indicating nearly complete cyclization
involving the glycine residue. In particular, the loss of Gly as HNCH>CO (57 Da) and Ala-Gly
(128 Da) were indicative of a carboxyl linkage to the nitrile imine.

Series of BOMD and DFT calculations of ion structures were performed to establish the
structures of ((tet)KAAAG + H)* and its photodissociation products in the gas phase ions. The
initial guesses in these calculations comprised nitrile imine protomers and conformers. The
lowest-energy structures of ((tet) KAAAG + H)" ion are shown below (Figure 3.13). Due to its
basicity, the protonation sites are stable at guanidine position of all structures. K2 (5 kJ mol*
relative to K1) has a similar structure in comparison with K1. The other low-energy conformers
K3 (1.0 k mol™* relative to K1) and K4 (-1.6 kJ mol relative to K1) were considered for

further analysis.
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Figure 3. 13. M06-2X/6-31+G(d,p) optimized structures of representative low-energy
((tet) KAAAG + H)* ions K1-K4. 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 double-headed ochre arrows.
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From the lowest engergy structure of ((tet) KAAAG + H)* ions, which is determined as
K1, N2 were removed to create initial inputs for ((tet-N2)KAAAG + H)" ions structure
calculations. Most optimized structures of the ions are shown in Figure 3.14, with K5 having

lower energy than K6, due to its compacted structure.

Figure 3. 14. M06-2X/6-31+G(d,p) optimized structures of representative low-energy ((tet-
N2)KAAAG + H)" ions K5-K6. 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 double-headed ochre arrows.

Additionally, hypothetically cyclized structures involving functional groups were
considered, which could potentially produce the major fragment ions in the CID-MS2 spectrum
(Figure 3.15). As mentioned above, carboxyl group of C-terminal of ((tet-N2)KAAAG + H)" ion
was indicated to contribute to cyclization of crosslinking process. Staring with K5, as confirmed
as the lowest energy structure of ((tet-N2)KAAAG + H)" ion, input files for BOMD calculations
were created. The carboxyl group was moved near to nitrile imine group within a decent distance
for C=0 bond formation. Figure 3.9, structure 2b, was used as a guide to create the hypothetical

cyclized structure. The ion structures maintain +1 charge and singlet configurations.
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Figure 3. 15. M06-2X/6-31+G(d,p) optimized structures of representative low-energy
cyclized ((tet-N2)KAAAG + H)* ions K7-K8. 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 double-headed ochre arrows.

In order to have a complete look of crosslinking behaviors of the ((tet) KAAAG + H)" ion in
the gas phase, dissociation energies were calculated in shown in Table 3.2 below.

Table 3. 2. Dissociation energy of ((tet) KAAAG + H)" ion from different basis sets.

Dissociation Energies (kJ/mol)
Reaction B3LYP+GD3BJ MO06-2X MO06-2X
6-31+G(d,p) 6-31+G(d,p) | 6-311++G(2d,p)

K1-> K5+N; 47.9 57.2 38.2
K1 -> K6+ N> 49.8 58.6 38.9

K5 > K7 -102.9 -135.2 -130.9
K1-> K7+N; -32.5 -60.0 -78.1
K2 > K7+ N> -55.1 -77.9 -92.7

Crosslinking to the C-terminal residue, as in ((tet-N2) KAAAG + H)* may involve simple
nucleophilic attack by the carboxyl at the nitrile imine that is promoted by proton transfer.
Figure 3.16 indicates that the overall reaction from ((tet) KAAAG + H)™ to the cyclized ((tet-

N2)KAAAG + H)" product is substantially exergonic and thus possible following
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photodissociation. The conformations of the lowest-energy ((tet) KAAAG + H)* precursor ions in
Figure 3.16 allow facile access of the carboxyl proton and oxygen to the nitrile imine for proton
transfer and ring closure. The role of the charged N-terminal NHz group in reversibly providing
the proton has not been established and would require extensive transition state search to be

elucidated.
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Figure 3. 16. Loss of N2 and Cyclization in ((tet) KAAAG + H)*. The reaction enthalpy is

from M06-2X/6-311++G(2d,p) calculations and refers to 0 K.

3.2 GAS-PHASE PEPTIDE ION SCAFFOLDS

Compared to non-covalent complexes, the use of scaffolds for crosslinking studies brings several
advantages. First, gas-phase scaffold ions are generated abundantly by electrospray ionization
because there are no issues with their stability. Second, products of insertion and elimination are

readily distinguished and identified by comparing the CID-MS? data of the photoproducts with
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those of synthetic standards, such as olefins or macrocyclic lactones. Third, peptide sequence

variants, derivatization, and H/D exchange are feasible to be used for mechanistic studies.

The model consists of a trans-4-aminocyclohexane-1-carboxyl scaffold (1,4-s) and cis-2-
aminocyclohexane-1-carboxyl scaffold (1,2-s) that combines the 2,5-diaryltetrazole precursor
with the target peptide moiety in one molecule (examples are shown in Figure 3.17). Both the
size and composition of the peptide moiety are broadly variable. Here, we used peptide
sequences consisting of hydrophobic alanine and glycine residues, as well as those containing a
basic side-chain histidine and arginine residues. This way, one can modify peptide protonation
sites and affect the peptide chain conformation. The experimental studies are complemented by
computational structure analysis. To interpret the results of scaffold photodissociation and nitrile
imine cross-linking, extensive calculations of ion structures and dynamics, including BOMD and
DFT calculations, have been carried out. The main aims of these calculations were to determine
the most energetically favorable protonation sites and ion conformations of the nitrile imine-
containing scaffolds and to analyze dynamic between the incipient nitrile imine and peptide

bonds in thermal ions.
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Figure 3. 17. Example scaffold model for nitrile imine crosslink study. GAAAR can be replaced

by desired peptide chain.

3.2.1 Scaffold AAAG

The chosen ions were protonated at the N-terminus regardless of the initial proton
position in structures that were submitted to BOMD. The optimized structures showed globular
peptide moieties that were maintained by multiple intramolecular hydrogen bonds. Nevertheless,
the Gibbs energy differences among the various protomers and conformers were small enough to
allow proton migrations among the amide groups as well as ensuring a conformational mobility
of the peptide C-terminus and side chain in thermal ions. In an effort to further characterize the
ions of interest, we investigated the composition and structures of the peptide tetrazole
conjugates and their crosslinked products using cyclic ion mobility spectrometry (c-1IMS).8 This
allowed us to separate isomers by their arrival times and obtain collision cross sections (CCSexp)
in N2. ((tet)-1,2-s-AAAG + H)* ions showed double peaks after four passes (392 cm pathlength)

of c-IMS, indicating structurally heterogeneous ions. (Figure 3.18)
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Figure 3. 18. Arrival time profiles (5 cycles), M06-2X/6-31+G(d,p) optimized structures,

and CCS values of ((tet)-1,2-s-AAAG + H)* ion

The scaffold structure of the cis-2-aminocyclohexane-1-carboxyl scaffold that combines
the 2,5-diaryltetrazole give the flexibility for nitrile imine access amide bonds and other
functional groups to perform crosslinking behaviors. From the optimized structures one can
assess the minimum number of four residues that separate the tetrazole ring and the incipient
nitrile imine from the nearest sterically possible crosslinking site. The gas-phase cations
underwent photodissociation at 250 nm, leading to the formation of temporary nitrile imines,
which were examined using CID-MS? (see Figure 3.19, bottom panel). The resulting spectrum
displayed over 90% of fragment ions generated by the elimination of internal peptide residues,
indicating peptide cyclization® to the nitrile imine. This outcome was notably distinct from the
dissociations observed in tetrazole-peptide conjugates, which typically exhibited standard
sequence ions (bn and yn types). Therefore, the formation of internal fragments from the
photoproducts served as clear evidence of nitrile imine crosslinking. Structural analysis (refer to

Figure 3.19) indicated that only the C-terminal Gly was accessible for reacting with the nitrile
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imine group due to steric constraints. The calculated reaction enthalpy for nitrile imine formation
via N2 loss upon absorbing a 250 nm photon (4.96 eV, 479 kJ mol-1), denoted as

AHrno = 51 kJ mol™ using M06-2X/6-311++G(2d,p), suggested that the nitrile imine
intermediate was generated with significantly elevated internal energy. This excitation energy
can be estimated as Eexc < 479 — 51 = 428 kJ mol™, considering the translational energy of the
departing N2 molecule. The high internal energy from photodissociation is presumed to drive
subsequent reactions of the nitrile imine to proceed on the millisecond time scale of the

experiment and result in efficient crosslinking, as evidenced by the CID-MS? data.
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Figure 3. 19. Top: M06-2X/6-31+G(d,p) optimized low energy structures of AAAG-
tetrazole scaffold ions. Bottom: UVPD-CID-MS? spectrum of the photoproduct after loss of Na.
Blue colored fragment ions indicate crosslinking. The m/z 559 fragment ion (loss of GlyOH) is

indicative of an open peptide chain.
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3.2.2  Scaffold GAAAR

Modifications of the N-terminal residues such as in (tet)-1,2-s- and (tet)-1,4-s-(GAAAR +
H)* did not affect UVPD, resulting in an efficient loss of N2 and nitrile imine formation in each
cases (Figure 3.20a and Figure 3.21a). The CID-MS2 dissociations showed variations in the
relative intensities of fragment ions. Internal fragments by loss of Ala, Ala-Ala, and Ala-Ala-Ala

at m/z 545, 491, and 420 (Figure 3.20b and Figure 3.21b), respectively, attested to a ring

structure formed by nitrile imine crosslinking.
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Figure 3. 20. (a) UVPD-MS? spectrum of the ((tet)-1,2-s-GAAAR + H)* ion, m/z 832. (b)
UVPD-CID-MS? spectrum of ((tet-N2)-1,2-s-GAAAR + H)* ion, m/z 804. Hydrogen bonds are
visualized by double-headed purple arrows. (c) Set the M06-2X/6-31+G(d,p)-optimized structure
of a low-energy ions of precursor. Only exchangeable hydrogens are shown to avoid clutter. (d)
Set the M06-2X/6-31+G(d,p)-optimized structure of a low-energy ion of ((tet-N2)-1,2-s-GAAAR

+ H)*. Only exchangeable hydrogens are shown to avoid clutter.
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Figure 3. 21. (a) UVPD-MS? spectrum of the ((tet)-1,4-s-GAAAR + H)* ion, m/z 832. (b)
UVPD-CID-MS? spectrum of ((tet-N)-1,4-s-GAAAR + H)* ion, m/z 804. Hydrogen bonds are
visualized by double-headed purple arrows. (c) Set the M06-2X/6-31+G(d,p)-optimized structure
of a low-energy ions of precursor. Only exchangeable hydrogens are shown to avoid clutter. (d)
Set the M06-2X/6-31+G(d,p)-optimized structure of a low-energy ion of ((tet-N2)-1,2-s-GAAAR
+ H)*. Only exchangeable hydrogens are shown to avoid clutter.

The scaffold structure of each case gives the flexibility for nitrile imine access amide
bonds and other functional groups to perform crosslinking behaviors. From the optimized
structures one can assess the minimum number of four residues that separate the tetrazole ring
and the incipient nitrile imine from the nearest sterically possible crosslinking site. The gas-
phase cations underwent photodissociation at 213 nm, leading to the formation of temporary
nitrile imines, which were examined using UVPD-MS2 (Figure 3.20d and 3.21d). The modified
peptide chains, in this case — with basic amino acid, did not affect UVPD, resulting in an

efficient loss of N2 and nitrile imine formation. Similarly to scaffold AAAG ions, fragment ions
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were generated by the elimination of internal peptide residues, which is shown in the resulting
spectra, indicating that peptide cyclization to the nitrile imine. This outcome was also notably
distinct from the dissociations observed in tetrazole-peptide conjugates, which typically
exhibited standard sequence ions (b, and y» types). Therefore, the formation of internal
fragments from the photoproducts served as clear evidence of nitrile imine crosslinking for basic
peptide chains.

Structural analysis of UVPD-CID-MS? spectrum of ((tet-N2)-1,2-s-GAAAR + H)*
(Figure 3.20b) indicated the C-terminal Arg was accessible for reacting with the nitrile imine
group. In addition, guanidine group of Arg was considered as a potential functional for reacting
with the nitrile imine group due to its basicity. To investigate the potential cyclization products,
BOMD calculation followed by DFT calculations, as described above, were carried out for all
cyclized structures involving functional groups that can potentially give rise to the major
fragment ions in the UVPD-CID-MS? spectra. The lowest-energy structures of each type are
shown in Figure 3.22 for ((tet-N2)-1,2-s-GAAAR + H)* and Figure 3.23 for ((tet-N2)-1,4-s-
GAAAR + H)*. In an effort to further characterize the ions of interest, we are waiting for the c-
IMS results to investigate the composition and structures of the peptide tetrazole conjugates and

their crosslinked products.
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Figure 3. 22. Set the M06-2X/6-31+G(d,p)-optimized structure of a low-energy ion of cyclic
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Figure 3. 23. Set the M06-2X/6-31+G(d,p)-optimized structure of a low-energy ion of cyclic

((tet-N2)-1,4-s-GAAAR + H)*. Only exchangeable hydrogens are shown to avoid clutter.
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Chapter 4. CONCLUSIONS

Nitrile imine intermediates that were generated from peptide-2,5-diaryltetrazole conjugates have
been found to undergo efficient intramolecular cyclization with peptide amide and carboxyl
groups. The generation of the nitrile imine intermediates in conjugates can be done efficiently by
CID or UVPD at 250 nm. Recently, the wavelength range for photodissociation has been
extended to 213 nm UVPD utilizing a laser on a commercially available Thermo Fisher Orbitrap
Ascend instrument. However, 250 nm is the preferred wavelength for nitrile imine generation in
noncovalent ion complexes which is likely to be the major future application of these novel
reactions in gas-phase ions. The role of the amino acid side-chain functional groups and post-
translational modifications and their effect on nitrile-imine base crosslinking are the current
research directions aimed at exploring the applicability of this new method. Recent findings,
including those presented here, suggest that nitrile imine reactions, leading to cyclization and
crosslinking, are prevalent in peptide conjugates and have also been observed in non-covalent
complexes with nucleotides. Therefore, nitrile imine-based crosslinking of biomolecular ions
holds significant potential for exploration and application in biomolecular ion structure analysis.
Ongoing research aims to determine the selectivity of functional groups, crosslink structures, and

underlying mechanisms involved.
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