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Abstract

Mechanistic Insights into Intramolecular Gas-Phase Crosslinking of Peptides and Carbene or Nitrile Imine

Intermediates

Hongyi Zhu

Chair of the Supervisory Committee:

FrantiSek Turecek

Department of Chemistry

This dissertation presents a comprehensive study on the use of photochemical crosslinking, advanced
tandem mass spectrometry, and computational simulations to investigate noncovalent interactions and crosslink-
ing behaviors in gas-phase peptide ions. The work combines experimental and theoretical approaches to
analyze how different crosslinking chemistries, protonation sites, amino acid compositions, and scaffold
stereochemistries affect peptide structure and reactivity, providing a new framework for understanding the
fundamental interactions of intramolecular peptide sequences with various phototags in gas-phase envi-
ronments, advancing the application of mass spectrometry as a powerful tool for biomolecular structural
analysis.

Chapter 1 introduces the principles of mass spectrometry, including ionization, mass analysis, and
detection methods, enabling the characterization of biomolecules with minimal sample preparation. This
chapter also discusses photochemical crosslinking as a method for probing noncovalent interactions, focus-
ing on the role of reactive intermediates such as nitrenes, carbenes, and nitrile imines, providing insights into
three-dimensional structures and molecular interactions, particularly for complex biomolecular assemblies.

In Chapter 2, the efficacy of carbene crosslinkers activated by diazirine under 355 nm is examined using
peptide scaffolds (s-LAAG, s-ALAG, and s-AALG). Crosslinking yields were consistent across these scaf-

folds, demonstrating a robust crosslinking mechanism that is independent of the sequence order of alanine



and leucine residues. Hydrogen-deuterium exchange, carboxyl C-terminus blocking, and analysis of CID-
MS™ spectra of reference synthetic products revealed that a significant fraction of crosslinks involved the
Gly amide and carboxyl groups. Contact analysis of long Born-Oppenheimer molecular dynamics (BOMD)
trajectories was used to count close contacts between the incipient carbene and peptide atoms, and further
provided insights into the thermal behavior of peptide ions, validating the s-AALG scaffold as a robust
model for carbene crosslinking studies in hydrophobic environments.

Chapter 3 extends the analysis to peptide sequences containing basic residues: proline and histidine,
within s-AAPG and s-AAHG scaffolds. Crosslinking yields were significantly reduced in these peptides, at-
tributed to the unique protonation and conformational characteristics of the basic residues. Detailed BOMD
simulations revealed that proline forms a stable hydrogen-bond network and affects crosslinking patterns,
while histidine’s protonation at the imidazole group introduces structural constraints. These findings under-
score the role of amino acid basicity and protonation in governing crosslinking efficiency and specificity.

In Chapter 4, nitrile imine intermediates generated by photodissociation of tetrazole-tagged peptide
conjugates on cyclohexane scaffolds with distinct stereochemistry (cis-1,2- and trans-1,4-cyclohexane) is
introduced. Despite expected steric hindrance for the trans-1,4 configuration, crosslinking occurs in both
scaffold types, challenging conventional stereochemical assumptions. High-resolution cyclic ion mobility
mass spectrometry, BOMD, and density functional theory (DFT) calculations allow us to match theoreti-
cal and experimental collision cross sections, providing insights into stereochemical effects on crosslinking
yields and attachment sites. These findings reveal that the flexibility of the cis scaffold facilitates interac-
tions, while the trans scaffold imposes conformational constraints that affect crosslinking efficiency.

Chapter 5 focuses on the reactivity of peptides with C-terminal lysine or arginine residues when
crosslinked with nitrile imine intermediates. Experiments showed that lysine primarily crosslinks through
the carboxyl group, while arginine’s guanidine group exhibits unique reactivity, likely due to proton transfer
steps that precede C—N bond formation. Computational Gibbs energy calculations reveal this reaction as an
endothermic proton transfer followed by an exothermic bond formation step, highlighting a novel mecha-
nism in gas-phase peptide ion chemistry that has not been observed in condensed phases. Ion mobility data
allowed for accurate comparisons of experimental and theoretical collision cross sections, offering a deeper

understanding of ion structures and reactivity.
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Chapter 1

Introduction

1.1 Photochemical Crosslinking for Probing Noncovalent Interactions

Chemical crosslinking relies on the formation of covalent bonds between components of a noncovalent
complex or between different sites in a single large molecule.!'?! With the introduction of photoactivated!?!
and photodissociativel*P! crosslinkers, it became possible to generate highly reactive, short-lived interme-
diates to identify contacts between reactive groups and sites on the target molecule. A traditional crosslinker
contains two reactive groups connected by a spacer arm, which can be adjusted based on the target. When
two sites within a noncovalent complex are crosslinked, the distance between them is defined by the length
of the spacer arm, providing valuable distance constraints for reconstructing the three-dimensional structure

of the complex.

1.1.1 Noncovalent Interactions

Noncovalent interactions are ubiquitous in nature and play a significant role in the cohesion of chemical
systems. First identified by J.D. van der Waals, noncovalent interactions are cohesive forces that are distinct
from and weaker than covalent bonds that hold atoms or molecules together.[®!l”! P.A. Kollman later re-
fined the definition, characterizing them as interactions where electrons remain paired with no net change in
bonding.!® Their strength typically ranges from -0.5 to -50 kcal mol~![°), arising from electrostatic forces,

exchange-repulsion, dispersion, polarization, and charge transfer components.['%-12 Although weaker than
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covalent bonds, noncovalent interactions collectively exert a substantial influence on synthesis, catalysis,
and material design. They are essential for maintaining the three-dimensional structures of biomolecules,
such as proteins and nucleic acids, and are crucial for their binding activities and biochemical functions.
Noncovalent interactions also define the tertiary and quaternary structures of biomolecules like DNA, RNA,
proteins, and carbohydrates.['*] Hydrogen bonding and -7 interactions are key contributors to these struc-
tures, though their relative strengths are still under investigation. Beyond structural integrity, noncovalent
interactions govern molecular recognition processes, including protein-protein interactions, protein-DNA
interactions, and ligand binding.!'*! These interactions are fundamental to biological processes and also

have practical implications for drug design, crystallinity, and self-assembly.

Various methods are employed to study noncovalent interactions. High-resolution techniques such as
X-ray crystallography and nuclear magnetic resonance (NMR) reveal static and dynamic structures, though
they require high sample purity and are often challenging to perform. Other methods including analytical
ultracentrifugation, isothermal titration calorimetry, fluorescence spectroscopy, and surface plasmon reso-
nance can provide insights into binding affinities and subunit interactions.!'*l Additionally, affinity purifi-
cation, chemical crosslinking, and fluorescence resonance energy transfer (FRET) are widely used to probe

protein interactions before detailed structural studies are undertaken.

Mass spectrometry has become indispensable for studying noncovalent interactions due to the devel-
opment of soft ionization techniques, such as electrospray ionization (ESI) and matrix-assisted laser desorp-
tion/ionization (MALDI). These methods require minimal sample quantities and can be performed without
extensive purification. Native mass spectrometry preserves noncovalent interactions in the gas phase, pro-
viding stoichiometric information about complex composition. Additional tools, such as ion mobility mass
spectrometry (IM-MS), hydrogen-deuterium exchange, and hydroxyl radical labeling, offer further insights
into protein folding and dynamics. Crosslinking mass spectrometry specializes in site-specific interaction
studies and can even extend to in vivo analyses. While mass spectrometry-based methods do not achieve the
atomic resolution of X-ray crystallography or NMR, they offer higher throughput and are particularly effec-
tive for weak or transient complexes. Computational modeling complements mass spectrometry by refining
experimental data and reconstructing detailed three-dimensional structures of complexes.['>) When experi-

mental data is unavailable, bioinformatic techniques are also employed to predict interaction interfaces.
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Scheme 1.1: Photochemical crosslinking illustration.

1.1.2 Photochemical Crosslinking and Crosslinking Reagents

Crosslinking has been employed as an indirect method to map noncovalent interactions in protein and
peptide complexes. Among the variety of crosslinking strategies,'®! one particular interest here concerns

reactive intermediates produced transiently by photodissociation of stable functional groups.

The functional group is introduced as a tag into one of the components where upon photodissociation
it produces a transient intermediate (X,) that reacts spontaneously by forming a covalent bond at a sterically
accessible position (Scheme 1.1). The detected bond formation is used to assign point-to-point distance con-
straints that can provide information on the spatial arrangement of the reacting regions in the biomolecule
or noncovalent complex. The reactive intermediates that have been employed frequently include nitrenes!*),
carbenes!?l'71 and nitrile imines!'®! produced by photodissociation, as well as the triplet states formed by
photoexcitation in benzophenone-tagged proteins (Scheme 1.2).['°1 Among these photocrosslinkers, aryl
azides are easy to synthesize but require photon activation at wavelength of < 300 nm which can denature
proteins®"; benzophenones are easy to handle and are resistant to water deactivation but the crosslinker
size can sterically alter the non-covalent interactions within the complexes.?!1 Stable carbene sources, such
as diazirines?>"?* and diazoalkanes!?! are better suited for the purpose of our study mainly because of
its activation wavelength (330-370 nm) that is outside the absorption by naturally occurring biomolecules,
chemical stability and its small steric hindrance.?! So they have been used extensively in photoaffinity label-
ing and foot printing studies of various biomolecules.[*°I>8] However, these conventional photocrosslinker
have problems like extremely short half-lives, thus resulting in very low target capturing yields and high
background.[*”! The emerging tetrazole as a photocrosslinker overcomes this issue. Readily available by

thermolysis or photolysis of 2,5-diaryl tetrazoles which can be readily introduced as tags into peptides or
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Scheme 1.2: Reactive intermediates produced by corresponding photocrosslinkers.

other biomolecules*”), nitrile imines!*!! have been suggested for derivatization of peptides and proteins88
via the well known [3 + 2] cycloadditions with dipolarophiles.*?! 2,5-Diphenyltetrazole has a major absorp-
tion band with a Amax at 255 nm and € = 2 x 10* L mol~! cm™! that was measured by Blanksby, Trevitt,
et al. in gas-phase ions.[*3] This makes tetrazole a strong chromophore for photodissociation. The products
have been identified by spectroscopic analysis,>*33! such as EPR spectroscopy,*®! and the reaction kinetics
has been studied by laser flash photolysis,[*” analysis of kinetic isotope effects,*®) and quantum mechanical
tunneling. The insertion reactions have been found to have very low activation energies.!*>! Compared with
other methods using chemical reagents, the principal advantage of photochemical crosslinking is that, in
contrast to X-ray and NMR, it does not require purified substrates, and can be carried out in a variety of

environments such as lipid bilayers and living cells.[*"!

1.2 A Brief Introduction to Mass Spectrometry

Mass spectrometry is an analytical technique that can provide both qualitative (structure) and quan-
titative (molecular mass or concentration) information on analyte molecules after their conversion to ions.
The molecules of interest are first introduced into the ionization source of the mass spectrometer, where
they are first ionised to acquire positive or negative charges. The ions then travel through the mass analyzer
and arrive at different parts of the detector according to their mass/charge (m/z) ratio. After the ions make
contact with the detector, useable signals are generated and recorded by a computer system. The computer
displays the signals graphically as a mass spectrum showing the relative abundance of the signals according

to their m/z ratio.
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1.2.1 Ionization Source

Different ionization techniques have been developed to optimally ionize molecules of different charac-
teristics such as polarity, volatility, thermal lability, stability, and size. Experimental goals also influence the

ionization method chosen.

Electron impact (EI) is an ionization method used for samples amenable to gas-phase analysis due to
their thermally stable and relatively low molecular weight. For this reason, samples are usually introduced to
the ion source for EI after gas chromatography (GC) separation or from a solids probe. An EI source uses a
filament set to about 70 eV to create a stream of high-energy electrons that interact with the gas phase sample
molecules. Ionization occurs when the collision removes an electron from the sample molecule, creating
predominantly singly charged positive ions. Because EI is a high-energy process, it cleaves covalent bonds,
producing repeatable fragmentation that can be used to identify compounds using mass spectral libraries.
El is described as a “hard” ionization method since the analytes often undergo fragmentation during the

ionization process.

Complementary to EI, chemical ionization (CI) is used to ionize molecules that would fragment exces-
sively by EI, or to ionize molecules without fragmentation to produce a molecular ion that can be used to
determine the molecular weights of sample components. In CI, a reagent gas such as methane, isobutene, or
ammonia is introduced to the ion source, where it is ionized by the filament. The ionized gas interacts with
the sample, which is subsequently ionized by reactions with reagent gas ions, creating singly charged sam-
ple components. Because reagent gas is introduced at high concentration relative to the sample, most of the
ionization of the sample occurs by CI rather than EI. Depending on the sample molecule and the reagent gas,
ionization reactions include proton transfer, proton abstraction, and adduct formation. Compared to EI, CI
is a “soft” ionization technique because the reagent gas reactions substantially reduce the energy absorbed
by sample molecules, producing substantially less fragmentation or predominantly molecular ions.

Developed by John Fenn in 1984, another “soft” ionization techenique electrospray ionisation mass
spectrometry (ESI-MS) has emerged in clinical laboratories.[*! It provides a sensitive, robust, and reliable
tool for studying non-volatile and thermally labile bio-molecules that are not amenable to analysis by other
conventional techniques. ESI uses electrical energy to assist the transfer of ions from solution into the

gaseous phase before they are subjected to mass spectrometric analysis. Ionic species in solution can thus
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Figure 1.1: Mechanism of electrospray ionization. Image source: Figure 6 from DOI:
10.1155/2012/282574

Taylor cone

be analysed by ESI-MS with increased sensitivity. Neutral compounds can also be converted to ionic form
in solution or in gaseous phase by protonation or cationisation (e.g. metal cationisation), and hence can
be studied by ESI-MS. The transfer of ionic species from solution into the gas phase by ESI involves three
steps: (1) dispersal of a fine spray of charge droplets, followed by (2) solvent evaporation and (3) ion ejection
from the highly charged droplets (Figure 1.1) which is maintained at a high voltage (2.5 - 6.0 kV) relative
to the wall of the surrounding chamber.*!! A mist of highly charged droplets with the same polarity as the
capillary voltage is generated. The application of a nebulising gas (e.g. nitrogen), which shears around the
eluted sample solution, enhances a higher sample flow rate. The charged droplets, generated at the exit of
the electrospray tip, pass down a pressure gradient and potential gradient toward the analyser region of the
mass spectrometer. With the aid of an elevated ESI-source temperature and/or another stream of nitrogen
drying gas, the charged droplets are continuously reduced in size by evaporation of the solvent, leading to
an increase of surface charge density and a decrease of the droplet radius. Finally, the electric field strength
within the charged droplet reaches a critical point at which it is kinetically and energetically possible for
ions at the surface of the droplets to be ejected into the gaseous phase. The emitted ions are sampled by a
sampling skimmer cone and are then accelerated into the mass analyser for subsequent analysis of molecular

mass and measurement of ion intensity.
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Figure 1.2: Schematic of a quadrupole mass analyzer. Image source: https://www.creative-
proteomics.com/blog/index.php/several-types-of-mass-analyzer/

1.2.2 Mass Analyzers and Ion Trap

The mass analyzer is the heart of the mass spectrometer, which takes ionized masses and separates
them based on mass to charge ratios. There are many types of mass analyzers that can accomplish the task

of distinguishing and separating ions of different mass-to-charge ratios.

1.2.2.1 Quadrupole

The quadrupole mass filter is one of the most commonly used mass analyzers. It consists of four
parallel metal rods and each opposing rod pair is connected together electrically (Figure 1.2). One pair of
raids is applied with a radio frequency (RF) voltage while another one is applied with a direct current (DC)
voltage. At a given DC and RF combination, only the ions of a particular m/z show a stable trajectory and
can be transmitted to the detector, while other ions with unstable trajectories don’t pass the road, because
the amplitude of their oscillation becomes infinite. By changing DC and RF in time which usually at a fixed
ratio, ions with different m/z values can be transmitted to the detector one after another to obtain a mass

spectrum.#?]

1.2.2.2 Quadrupole 3-D Ion Trap

Ion traps are modified quadrupole devices with additional functionality of ion trapping. The quadrupole
3-D ion trap is about the size of a small fist and consists of a ring electrode and two hyperbolic end
electrodes.[*3! It operates at relatively high pressure (10~ torr) with a helium buffer gas that assists the
ions to maintain a stable orbital frequency. The buffer gas also serves as the collision gas for collision-
induced dissociation (CID) during MS/MS experiments. Ions may be created inside the quadrupole ion trap

or, more commonly, externally. An oscillating saddle field inside the trapping volume contains and focuses
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the ions into the center of the trap. From here the operator can scan the ions out of the trap to create a clas-
sic full mass spectral scan of the ions in the trap. Alternatively, a particular ion can be selected (isolated),
collisionally fragmented and a scan of all the product ions generated (MS? scan). This whole process can be
repeated with any one of these fragment ions (MS? scan) and as long as there are sufficient ions remaining
in the trap to provide an adequate signal-to-noise ratio (S/N), the process can be repeated (Figure 1.3). The
number of ions that can be retained in the quadrupole ion trap, or indeed in any trapping-type instrument, is
limited by space charging effects. Space charging occurs when the cloud of ions becomes sufficiently dense
that coulombic repulsion between the like-charged ions starts to overcome the trapping potential, resulting
in degraded mass resolution and accuracy. Limiting the number of ions in the trap at any one time normally

controls this effect.

1.2.2.3 Time-of-Flight

Time-of-flight (ToF) mass analyzers operate on a different principle than quadrupole ion traps, deter-
mining the m/z ratio of ions by measuring their flight time. Ions are accelerated by an electric field of known
strength, and their separation occurs based on the time they take to traverse a flight tube of fixed length and
reach the detector.[**! The ion trajectory depends on its momentum, kinetic energy, and m/z ratio. According
to classical physics, ions with lower m/z travel faster and arrive at the detector sooner, while those with
higher m/z arrive later. ToF analyzers are compact and moderately priced, making them a viable alternative
to magnetic sector and quadrupole analyzers, especially given their speed and sensitivity. They are known
for excellent mass accuracy, straightforward calibration, and the highest practical mass range among mass
analyzers. However, the speed of the digitizer can limit the dynamic range of the instrument. With fast
acquisition rates, ToF analyzers are ideal for rapid gas chromatography (GC) separations, enabling better

resolution of coeluting components compared to slower analyzers like quadrupoles.

1.2.2.4 Ion Mobility Spectrometry

In ion mobility spectrometry (IMS), packets of analyte ions travel through a gas-filled “drift tube” under
the influence of a uniform electric field and their arrival time at a detector is recorded. The relationship

between the drift velocity of ionic species and the strength of the applied electric field is governed by the
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Figure 1.3: Schematic of collision-induced dissociation (CID) in the quadrupole ion trap
(MS? experiment). In separate events, ions from the source are accumulated and trapped in
the space at the center of the electrodes. (a) Ions with a specifiedm/z value are retained in the
trap and all others ejected. (b) The specified ions are then collisionally fragmented by axial
excitation between the two end caps. (c) The resulting product ions are then sequentially
ejected to generate the product ion spectrum. (d) In an MS? experiment, one of these product
ions may be selectively retained in the trap, excited, and fragmented. Image source: Figure
6 from: DOI: 10.1016/B978-008045382-8.00187-8
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mobility (K) of the ion in a buffer or drift gas.[*>! K is influenced by the instrument operational parameters
of gas temperature and pressure but more importantly for separation, the physicochemical properties of the
ion and the gas, including ion charge state, the ion and gas molecule masses, and the rotationally averaged
collision cross section (CCS) of the ion and gas molecules.*®! In the traveling wave IM (TWIM),*"! jons
are initially accumulated in a trap ion guide and then released as an ion packet into the ion mobility ion
guide. Here axial motion through the stack is generated by a repeating sequence of transient DC voltages
providing a continuous series of “traveling waves”. lons are then separated as they are driven ahead of these

potential hills through the stacked ring ion guides before transfer to the mass analyzer.

TWIM platform has become commercially available that is based on cyclic ion mobility spectrometry
(cIMS). The cIMS utilizes a closed-loop TWIM cell (racetrack) for ion mobility separation and enables
the separation length to be extended, increasing mobility resolving power.!*’! The racetrack is oriented
perpendicularly to the rest of the MS system and is situated between the ion two ion guides called the pre-
and postarray stores. At the junction where the racetrack meets these ion optics, a multifunctional electrode
array generates a traveling wave, enabling the movement of ions between the racetrack and the ion guides by
modulating the wave direction on the array. This configuration of ion optics allows researchers the unique
ability to isolate ions based on drift time for further analysis. Figure 1.4 illustrates the instrument’s design,
which is based on the Waters SYNAPT G2-Si IM-MS platform, with modifications to the IM separation
region to integrate a cIMS device. This device is used for CCS measurements, as discussed in Chapters 4

and 5.

1.2.3 Ion Activation and Fragmentation

The “soft” ionization processes described above typically generate single- or multi-charged molecular
ions with little accompanying fragmentation. To obtain structurally informative fragments, these ions must
be subject to a second round of mass spectral analysis. This is known as MS/MS or tandem MS. In the
first MS stage, an ion is selected or isolated in the mass spectrometer, activated and fragmented, and the
product ions mass analyzed in the second MS stage. Depending on the instrument being used, it is possible
to perform multistage mass spectrometry (MS™) and to construct ion fragmentation pathways as part of an

exercise in structural elucidation.
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Figure 1.5: Fragmentation nomenclature for peptides and proteins: a,/x,, b,/y,, and ¢,/z,,
ions according to cleavage of backbone bonds. “n” indicates the number of residues con-
tained in the product, as illustrated for a tetrapeptide. Image source: Figure 3 from DOI:
10.1021/acs.chemrev.9b00440

Collision-induced dissociation (CID) is one of the routinely employed techniques that yields fragments
based on a two-step process: collision activation and unimolecular dissociation. CID occurs in a collision
cell. The cell is differentially pumped and the flow of gas into the cell is carefully controlled. The source of
collision gas could be either argon, helium, or nitrogen. In principle, collision energy is transferred to either
peptide or small molecule backbone, leading to vibrational excitation. Due to the excitation process, ions
tend to undergo gas-phase dissociation, which is visualized as MS™ fragments.!*®! In a typical peptide mass
spectrum acquired in positive-ion mode, the protonated form of peptides contains protons localized at the
basic residues, N-terminus, or on the backbone amide bonds. In theory, during peptide fragmentation, six
different fragment ion series would be formed, including the N-terminal a,,, b,,, and c,, fragments and the
C-terminal x,,, yy,, and z,, fragments (Figure 1.5). In reality, during low-energy collisional activation, only
the b,, and y,, ion series are predominantly observed, while the other diagnostic ions series and sequence-

specific side chain fragment ions series are unseen.

Ultraviolet/visible photodissociation (UVPD) is a relatively new activation method which utilizes UV
and visible light in the electromagnetic spectrum to activate electronic transitions in ions and to induce
dissociation. High energy photons are used to trigger bond activation and applied for gas-phase reactions

or structure elucidation. Photodissociation can take place by a number of routes, and here are the three
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Dissociation thresholds are indicated via red, dashed lines that are available. Image source:
Figure 1.11 from DOI: 10.1007/978-3-319-01252-0

most common pathways!*’!: in the highest energy mechanism, absorption of a UV photon promotes the
molecule from the electronic ground state (Sg) to an excited vibrational level in the electronically excited
state (S1) above the dissociation threshold, resulting in direct dissociation (Figure 1.6 left). The second
mechanism differs only in that dissociation proceeds from the ground electronic state, following an internal
conversion from the electronically excited state (Figure 1.6 center). The third mechanism proceeds via a
potential energy curve crossing to a dissociative state, which has no, or only a shallow potential energy
minimum, hence causing dissociation. This results in the dissociation below normal dissociation thresholds
(predissociation) (Figure 1.6 right).

Naturally, UVPD experiments require a coupled tunable UV light source and a trapping mass spectrom-
eter. A UVPD spectrum is measured by monitoring the photodissociation yield as a function of incident UV
photon frequency. All of the ion-trapping systems are naturally well-suited for UVPD because ions can be
accumulated and stored during the photoactivation event, allowing more facile control of energy deposition,
fragmentation efficiency, and S/N of the resulting spectra. In our lab, we have modified the Bruker amaZon
speed mass spectrometer with optical access into the 3-D ion trap. An Nd-YAG EKSPLA NL301G laser is

used to generate a beam of photon pulses. The optical setups allow both the tunable 210-700 nm wavelength
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and a higher-powered single-wavelength 355 nm beam from different output beam paths (Figure 1.7).5%
We applied the 355 nm wavelength in Chapters 2 and 3 and a 250 nm wavelength in Chapter 4. Addition-
ally, we employed the commercially available Thermo Orbitrap Ascend Tribrid mass spectrometer with an

integrated 213 nm laser for UVPD experiments in Chapters 4 and 5.

1.2.4 Ion Detection

The final element of the mass spectrometer is the ion detection system. Once ions are separated, they
must be detected and quantified. Detectors range from conversion dynode electron multipliers (EM) to
multichannel plates (MCP) and Fourier transform (FT) methods. An EM is a vacuum tube that transforms
a primary emission of an analyte ion striking the EM into a secondary emission of electrons from within
the tube. This incidental electron current is proportional to the number of analyte ions reaching EM. EM
detectors are usually coupled to quadrupole and ion trap mass analyzers. An MCP detector uses similar
principles of secondary electron emission and is often used with ToF analyzers. The FT detection methods
are used with high mass accuracy analyzers such as the Orbitrap. The principle behind the FT detection is

to convert (transform) the unique oscillation orbits of the ions into their corresponding m/z values.

1.3 Computational Methods

We apply theoretical calculations to support experimental results, beginning with the creation of initial
structures, Born-Oppenheimer Molecular Dynamics (BOMD) calculations by MOPAC under Cyby4 plat-
form is used to generate a trajectory of unique conformers.!>!! This process produced thousands of candidate
structures, which were clustered by structural similarity using a machine learning model. Then one represen-
tative conformer from each cluster is selected for further refinement by enhanced semi-empirical methods
such as PM6-D3H4. In the next step, multiple selected complex structures are fully optimized by density
functional theory (DFT) methods and ranked by their relative Gibbs energies. The optimized structures and
atomic charge densities can be further used for calculations of collision cross sections (CCS), which are
structurally relevant parameters obtainable by ion mobility measurements. 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.
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Figure 1.7: Optical setup and modifications of Bruker amaZon mass spectrometer for
MS™-UVPD and automated action spectroscopy, displaying (a) tunable 210-700 nm with
modifications for optical access to the trapped ions highlighted in the inset, and (b) single-
wavelength 355 nm capabilities using optical flip mount. The (a) tunable setup incorporated
a fast steering mirror to improve beam alignment and UVPD reproducibility. Image source:
Figure 2 from DOI: 10.1007/s13361-019-02229-z
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Figure 1.9: Workflow of computational analysis.
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Chapter 2

Carbene Crosslinking with Hydrophobic
Peptide Ion Scaffolds in the Gas-Phase

Reproduced in part with permission from Hongyi Zhu, Vaclav Zima, Emily R. Ding, and Frantisek Turesek.
Carbene Cross-Linking in Gas-Phase Peptide Ion Scaffolds. Journal of the American Society for Mass
Spectrometry, 2023, 34 (4), 763-774.

Abstract. Scaffolds consisting of a peptide, a phthalate linker, and a 4,4-azipentyl group were synthesized
and used to study intramolecular peptide-carbene crosslinking in gas-phase cations. Carbene intermediates
were generated by UV-laser photodissociation at 355 nm of the diazirine ring in mass-selected ions, and the
crosslinked products were detected and quantified by collisioninduced dissociation tandem mass spectrome-
try (CID-MS", n = 3-5). Peptide scaffolds containing Ala, and Leu residues with a C-terminal Gly gave 21-
26% yields of crosslinked products. Experiments using hydrogen-deuteriumhydrogen exchange, carboxyl
group blocking, and analysis of CID-MS™ spectra of reference synthetic products revealed that a significant
fraction of crosslinks involved the Gly amide and carboxyl groups. Interpretation of the crosslinking results
was aided by Born-Oppenheimer molecular dynamics (BOMD) and density functional theory calculations
that allowed us to establish the protonation sites and conformations of the precursor ions. Analysis of long
(100 ps) BOMD trajectories was used to count close contacts between the incipient carbene and peptide

atoms, and the counting statistics was correlated with the results of gas-phase crosslinking.
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2.1 Introduction

Photoaffinity labeling in combination with a chemical probe to covalently bind its target upon UV
irradiation has demonstrated considerable promise in drug discovery for identifying new drug targets and
binding sites. In particular, carbene-mediated photoaffinity labeling has been widely used in drug target
identification owing to its excellent photolabeling efficiency, minimal steric interference and longer excita-
tion wavelength. Carbene-mediated photoaffinity labeling has been increasingly used in target identification
owing to the small size of carbenes, high crosslinking efficiency, long excitation wavelength, excellent chem-
ical stability, less disruption of the interaction interface and minimal damage to biological samples. Two
major types of carbene precursor diazirine and diazo compounds have occupied a uniquely important place
in photoaffinity labeling. In particular, in comparison with the latter, diazirines generate relatively more
reactive carbenes!!!?l and have either relatively high thermal and chemical stability!®! or a much shorter
lifetime when activated by photoirradiation. Upon exposure to UV light at a certain wavelength (350-380
nm), carbenes generated by diazo compounds or diazirines are capable of spontaneously forming a covalent
bond with a neighboring molecule via insertion into bonds such as C-H, O-H, and N-H to stabilize the
interaction between a target and a probe!*7],

Our research group have developed methods for gas-phase crosslinking of non-covalent complexes of
peptides!®12]dinucleotides!'?!, and small molecules!'*!. A common feature among these peptide-related
phototags is the placement of the diazirine ring within an aliphatic chain, flanked by CHs and CH3 groups.
This structure allows for rapid, competitive 1,2-hydrogen shifts of the transient singlet carbene, occurring
on a high picosecond to low nanosecond timescale, which converts the carbene into an unreactive alkene
(Scheme 2.1). We have exploited this side reaction as an internal clock in our molecular dynamics (MD)
simulations, run on 100 ps timescales, to identify and quantify the close contacts between the nascent car-
bene and X—H bonds that may undergo insertion. This approach has enabled us to correlate computationally
determined structures with experimental results obtained from photodissociation and sequence analysis by
CID-MS?[BF12] The carbene-alkene isomerization is a highly exergonic reaction which often drives disso-
ciation of the rearranged complex®-14],

A major limitation in previous studies of peptide crosslinking has been the inability to pinpoint precise

insertion sites. This has been due to incomplete sequencing of the crosslinks, which often narrows down
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Scheme 2.1: Diazirine photolysis products.

the insertion site to only a few amino acid residues, without identifying the specific atoms of the X-—H
bond involved. Our research aims to overcome these limitations by advancing carbene crosslinking within
model molecular frameworks to achieve a higher degree of spatial resolution regarding insertion sites. To
this end, we have engineered a novel model system that combines diazirine-derived carbene precursors
with target peptide segments in a single molecular scaffold (Scheme 2.2). This design eliminates issues
related to inefficient non-covalent complex formation in protic solvents, observed in previous studies!'?.
The scaffold includes peptide sequences composed of hydrophobic amino acids such as alanine, leucine,
and glycine, which allow for flexible protonation sites and enhance control over the crosslinking process.
Besides, leucine is strategically positioned before, between, and after two alanine residues to examine how
different sequence arrangements influence crosslinking behavior, which allows us to explore the potential

effects of peptide sequence order on carbene insertion and crosslinking properties.

Moreover, our experimental approach is complemented by computational studies using Born-Oppenheimer
Molecular Dynamics (BOMD) and Density Functional Theory (DFT). We select the lowest-energy pro-
tomers and conformers for each peptide ion sequence in the scaffolds and determine the dynamics of

throughspace contacts of the incipient carbene atom with selected atoms and bonds in the peptide moiety in
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Scheme 2.2: Scaffolds for carbene-peptide crosslinking where Peptide stands for LAAG,
ALAG, and AALG sequences, indicating crosslinks and alkene isomerization products. The
alternative formation of 4-pentenyl conjugates is not shown.

the course of 100 ps trajectories. The combined experimental and computational results bear on achieving a

more detailed understanding of carbene based crosslinking to polar biomolecular targets.

2.2 Experimental Section

2.2.1 Materials and Methods

Unless otherwise noted, all starting materials were purchased from Sigma Aldrich (St. Louis, MO)
and were used as received. Acetonitrile was dried using 4A molecular sieves, grade 514 (8-12 mesh).
Chromatography was performed on Acros Organics Silica gel, ultrapure, 60-200 micrometer, 60A. TLC
was performed on TLC Silica gel 60 F»54 aluminum sheets. Spots were detected with permanganate stains,
bromocresol green stains or under a UV lamp. HPLC was performed on a Shimadzu (Canby, OR) UFLC
with a YMC analytical Pack Pro C18 column (5 pum, 250 X 4.6 mm) at a flow rate of 0.5 mL/min over
40 min. Preparative scale purification were performed on a Shimadzu Shim-pack GIS C18 (5 pm, 250
X 10 mm) at a flow rate of 2.3 mL/min over 40 min. The employed mobile phases were water (A) and
65% acetonitrile, 35% 2-propanol (B). A typical gradient for analysis and purification was 10-100% B. UV
traces were collected at 254 nm. 'H NMR spectra were recorded on Bruker spectrometers at 300 and 500

MHz. 3C NMR Spectra were recorded at 126 MHz. Coupling constants (J) are given in Hz and chemical
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Scheme 2.3: NMR characterization numbering.

shifts are on the §-scale. NMR characterization was carried out according to the numbering in Scheme
2.3. Mass spectra were measured on a Bruker Daltonik, GmbH (Bremen, Germany), amaZon ion trap mass
spectrometer that was equipped with an EKSPLA NL301G Nd-YAG laser (Altos Photonics, Bozeman,
MT, USA) working at 20 Hz frequency and 3- to 6-ns pulse width. Ions were produced by electrospray
ionization, selected by mass in the ion trap, and irradiated by multiple laser pulses at 355 nm. Multistage
tandem mass spectra were obtained by collision-induced dissociation (CID) of mass selected fragment ions.
The excitation amplitude was chosen to achieve a high conversion of precursor ions. HRMS spectra were
recorded on Thermo-Electron Fisher Orbitrap Velos mass spectrometer. Samples were introduced by flow

injection into the ESI source.

2.2.2 Synthetic Procedures

Abbreviations Used

t-Boc: tert-Butyloxycarbonyl

Fmoc: fluorenylmethyloxycarbonyl

TFA: trifluoroacetic acid

DCM: dichloromethane

DIPEA: di-isopropylethylamine

HBTU: (o-(benzotriazol-1-yl)-N, N, N’, N’-tetramethyluronium hexafluorophosphate

HATU: (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate

DMF: N, N-dimethylformamide
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Scheme 2.4: Reagents and conditions (i) Triethylamine, 4-dimethylaminopyridine, ethyl
acetate, r.t., overnight.

2.2.2.1 General Procedure for Esterification

Phthalic anhydride (1 eq.) was added to the solution of the corresponding alcohol (1 eq.) in ethyl
acetate. Triethylamine (1 eq.) and 4-(N,N-dimethylamino)pyridine (0.1 eq.) were added to the reaction
mixture and stirred overnight at room temperature. The mixture was washed with 5% HCI for 3 times and
brine for once, then dried over MgSQO, and evaporated to dryness under reduced pressure to give the title

compound as a pale-yellow oil.

2.2.2.2 General Procedure for Solid Phase Peptide Synthesis

Resin containing an appropriate Fmoc protected C-terminal amino acid (50 mg, 1 equiv.) was weighed
into a 3 mL syringe. The beads were swollen with DMF for 20 min. The Fmoc protective group on the
beads was removed by 2 mL 20% piperidine in DMF after shaking for 10 min and the beads were washed
with DMF 6 times. The coupling cocktail solution for peptide chain elongation was prepared by dissolving a
Fmoc protected amino acid (3 equiv.), PyBOP (47 mg, 3 equiv.), HOBt (17 mg, 4.2 equiv.) and 25 uL. NMM
in 1 mL DMF. The coupling cocktail solution was injected into the syringe and shaken for 20 min for the
reaction to complete. Then the beads were washed with DMF 6 times. The Fmoc deprotection, DMF wash,
coupling, and DMF wash were repeated in each peptide alongation step until the desired peptide sequence
was obtained. After the last amino acid was added and the Fmoc group was deprotected, the corresponding
carboxylic acid with or without the diazirine phototag (Scheme 2.4) was coupled to the peptide N-terminus
by adding a solution made by dissolving the acid (6 equiv.), PyBOP (94 mg, 6 equiv.), HOBt (34 mg, 8.4

equiv.) and 25 yL. NMM in 1 mL DMF, and shaking the reaction mixture overnight. Then, the beads were
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washed with DMF 6 times, and washed with DCM 6 times to remove DMF. The peptide conjugate was

stripped from the resin by injecting a solution mixture of TFA/water/triethylsilane (95:2.5:2.5) twice. The

TFA solution containing the peptide product was collected in a small glass vial and the solvent was evapo-

rated with air flow to give 15 mg of the peptide conjugate product.

4,4-Azipent-1-yl-s-LAAG(I)
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4-penten-1-yl-s-AALG (V)

The title conjugate was prepared according to the general proce-
dure for esterification and the general procedure for solid phase
peptide synthesis. The product was characterized by MS/MS: m/z
575 (M+H)™, 500 (-GlyOH), 429 (-Ala-GlyOH), 358 (-Ala-Ala—
GlyOH).

The title conjugate was prepared according to the general proce-
dure for esterification and the general procedure for solid phase pep-
tide synthesis. The product was characterized by MS/MS: m/z 575
(M+H)™, 500 (-GlyOH), 429 (-Ala-GlyOH).

The title conjugate was prepared according to the general proce-
dure for esterification and the general procedure for solid phase pep-
tide synthesis. The product was characterized by MS/MS: m/z 575
(M+H)*, 500 (-GlyOH), 387 (~Leu-GlyOH).

The title conjugate was prepared according to the general proce-
dure for esterification and the general procedure for solid phase pep-
tide synthesis. The product was characterized by MS/MS: m/z 547
(M+H)™, 472 (-GlyOH), 359 (-Leu-GlyOH).
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Scheme 2.5: Reagents and conditions (i) TFA/DCM 1:1, DIPEA, HBTU, DMF, r.t., 4h; (ii)
TFA/DCM 1:1, DIPEA, HATU, DMF, r.t., 4h.

dure for esterification and the general procedure for solid phase pep-

o 0
H
EP\P)LHJ\[( Nﬁ;H/YOH The title conjugate was prepared according to the general proce-
NH 0 0
0©

0
Hﬁ tide synthesis. The product was characterized by MS/MS: m/z 547
|

(M+H)*, 472 (-GlyOH), 458, 359 (-Leu-GlyOH).

2.2.2.3 General Procedure for In-Solution Peptide Synthesis

t-Boc-protected peptide (1 equiv.) was deprotected using the solution TFA/DCM 1:1 (1 g of peptide/10
mL) for 1 h. The solution was evaporated to dryness and the residue was dissolved in DMF (1M) with
DIPEA to ensure basic pH. t-Boc-protected amino acid (1.1 equiv.), HBTU (1.1 equiv.) (or HATU for the
last synthesis step) and DIPEA (3 equiv.) were stirred in DMF (0.5 M) for 15 min and the solution of the
deprotected peptide was added. The solution was stirred for 2.5 h. 2-Aminoethylmorpholine (0.3 equiv.)
was added and the reaction mixture was stirred for further 30 min. The reaction mixture was diluted with
EtOAc (70 mL) and extracted twice with 5% aqueous solution of HCI, twice with saturated aqueous solution
of NaHCO3 and with brine. The organic phase was concentrated to a minimum volume and the peptide was

precipitated by tert-butylmethyl ether. 4,4-Azipent-1-yl-s-AALG-OEt(VI)
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dure for in solution peptide synthesis. The product was charac-

o) o
H H
%N JJ\HJWN HAH/O\/ The title conjugate was prepared according to the general proce-
) OKO/Y O
N=N

terized by MS/MS: m/z 603 (M+H)™, 500 (-GlyOEt).
4-Benzyloxypent-1-yl-s-AALG-OBnz(VII)

NH
The title conjugate was prepared according to the general pro-
0”0
cedure for in solution peptide synthesis. The product was char-
acterized by MS/MS: m/z 745 (M+H)™", 580 (-GlyOBnz), 467
o}

Ej (-Leu-GlyOBnz). HRMS (ESI) m/z caled for CyqHs5oN4Og
(M+H)*+ 745.3807; found 745.3856.

2.2.2.4 Synthetic Protocols

2-Benzyloxyoxolan (VIII)
©\/O

ied by column chromatography (SiO3, hexane/ethyl acetate; 10/1) to give the title compound (1.61 g, 98%).

2,3-Dihydrofuran (0.97 g, 139 mmol) and pyridinium para-
0 toluensulphonate (0.232 g, 0.93 mmol) were added to benzyl alcohol
D (1.00 g, 9.25 mmol). The reaction mixture was stirred overnight and purif-

'"H NMR (500 MHz, CDCl3) § 7.48-7.19 (m, 5H), 5.25 (s, 1H), 4.82-4.66 (m, 1H), 4.58—4.41 (m, 1H), 3.96
(dd, J = 47.1, 1.6 Hz, 2H), 2.17-1.80 (m, 4H). '3C NMR (126 MHz, CDCl3) § 138.4 (C-11), 128.4 (C-7,
C-9), 127.9, 127.5 (C-6, C-8, C-10), 103.1 (C-4), 68.8 (C-5), 67.0 (C-1), 32.4 (C-3), 23.5 (C-2).
4-Benzyloxy-1-pentanol (IX)!!3!
©\/O j/\/\OH Compound VIII (1.00 g, 5.61 mmol) was dissolved in hexane (30 mL, dis-
tilled from CaHy and stored over 4A molecular sieves). Trimethylaluminiu-
m (8.42 mL, 16.8 mmol) was added to the solution at room temperature. The reaction was stirred and re-
fluxed for 1 h and quenched by slow addition, with vigorous stirring, into cold aqueous saturated NH4Cl
solution. The solids were filtered off and thoroughly washed with ethyl acetate. The aqueous phase was
extracted with ethyl acetate (3 x 10 mL), and the combined organic phases were washed with water (3 x

10 mL), dried with MgSO, and concentrated under reduced pressure. The residue was purified by column
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chromatography (SiO», hexane/ethyl acetate; 4/1) to give the title compound (0.82 g, 75%). '"H NMR (500
MHz, CDCl3) ¢ 7.41-7.20 (m, 5H), 4.60 (d, J = 11.6 Hz, 1H), 4.45 (d, J = 11.6 Hz, 1H), 3.75-3.44 (m, 3H),
1.95 (s, 1H), 1.77-1.51 (m, 4H), 1.23 (d, J = 6.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) ¢ 138.8 (C-7), 128.5
(C-9, 11), 127.9, 127.7 (C-8, 10, 12), 74.9, 70.6 (C-4,6), 63.1 (C-1), 33.4 (C-3), 28.9 (C-2), 19.6 (C-5).

4-Benzyloxy-1-pentyl phthalate (X)

o Phthalic anhydride (0.42 g, 2.83 mmol) was added to the solution of com-
0}
o/\/j)/ pound IX (0.63 g, 2.83 mmol) in ethyl acetate (25 mL). Triethylamine (0.29
OH g, 2.83 mmol) and 4-dimethylaminopyridine (35 mg, 0.283 mmol) were

added to the reaction and stirred overnight. The mixture was washed

with 5% HCI (3 x 20 mL) and brine, dried over MgSO, and evaporated to dryness under reduced pressure.
The residue was purified by column chromatography (SiO2, DCM/MeOH; 15/1) to give the title compound
(0.48 g, 50%). 'H NMR (500 MHz, CDCl3) § 7.82-7.70 (m, 1H), 7.70-7.58 (m, 1H), 7.48 (td, J = 7.1,
1.6 Hz, 2H), 7.31- 7.12 (m, 5H), 4.54 (d, J = 11.7 Hz, 1H), 4.38 (d, J = 11.7 Hz, 1H), 4.36-4.25 (m, 1H),
4.25-4.16 (m, 1H), 3.60-3.38 (m, 1H), 1.90-1.75 (m, 1H), 1.75-1.61 (m, 2H), 1.61-1.46 (m, 1H), 1.14 (d, J
= 6.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) § 171.1, 168.2 (C-13, 20), 138.4 (C-4), 133.0 (C-14), 131.8
(C-19), 131.0, 129.7, 129.0 (C-15, 18), 128.5, 128.0 (C-16, 17, 6, 8), 127.8 (C-5,7,9), 74.7, 70.6 (C-2, 3),
65.9 (C-12), 33.3 (C-10), 24.6 (C-11), 19.6 (C-1).

N-tert-Butyloxycarbonylglycine benzyl ester (XI)!1¢!
To a stirred solution of N-Boc-glycine (1.00 g, 5.71 mmol) in DCM, was

O
H
©/\ OJ\/N \H/O added benzyl alcohol (0.62 g, 5.71 mmol) and 4-dimethylaminopyridine (70

© mg, 0.57 mmol) and the mixture was cooled to 0 °C. A 1 M solution of

N,N’-dicyclohexylcarbodiimide (1.24 g, 6.0 mmol) in DCM (6 mL) was added. The reaction mixture was
left stirring overnight. The precipitated urea was filtered off and the filtrate was washed with 5% NaOH and
5% HCI. The organic phase was then dried over MgSO, and evaporated to dryness under reduced pressure
to give the title compound (1.36 g, 90%). "H NMR (300 MHz, CDCl3) 6 7.35 (s, 5H), 5.18 (s, 2H), 4.97 (d,
J =26.0 Hz, 1H), 3.95 (d, J = 5.7 Hz, 2H), 1.44 (s, 9H).

4-Hydroxy-1-pentyl-s-AALG (XID)!!7]
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Scheme 2.6: Reagents and conditions (i) MeOD:D>0O 1:1; (ii) UV lamp, overnight.

0 o
ﬁnj\fgn\iﬁuﬁo{w A mixture of 10% Pd/C and 15% Pd(OH), was added to a solution of com-
CS?L\“/ pound VII (228 mg, 0.31 mmol) in 5 mL MeOH. The inside air was re-

i{ placed with Hy (balloon) by three vacuum/Hs cycles. The reaction mixture

OH was stirred at room temperature for 2 days and was filtered through Celite.

The filtrate was concentrated in reduced pressure to give the title conjugate (160 mg, 90%). This product

was characterized by MS: m/z 565 (M+H) ™.

Benzo[c]-6(S), 9(S), 18(R,S)-trimethyl-12(S)-2-methylpropyl-1,17-dioxa-5,8,11,14-tetraazacy-clohenicosan-

2,4,7, 10, 13, 16-hexaone (XIII)
o)

8/\/\0( o To a stirred solution of compound XII (80 mg, 0.15 mmol) in ACN (60 mL),
HN H\ENH was added DCC (30 mg, 0.15 mmol) and DMAP (1.8 mg, 0.015 mmol). The
OIHJ\[O(N\¢ reaction mixture was stirred overnight and filtered with cotton. The filtrate
was evaporated to dryness under reduced pressure and purified by HPLC
(water (A) and 65% ACN, 35% 2-propanol (B)). The product was characterized by MS/MS: m/z 547
(M+H)™, 529 (-H50), 519 (=CO), 472 (-GlyOH), 461 (-C5H1(0), 443 (m/z 461-H50), 386 (-GlyOH-C5H170),
359 (-Leu-GlyOH), 288, 275. HRMS (ESI) m/z calcd for Co7H3sN4Og (M+H) ™t 547.2762, found 547.2769.

2.2.2.5 Procedure for UVPD in Solution of H/D Exchanged 4,4-Azi-pent-1-yl-s-AALG

4,4-Azipent-1-yl-s-AALG ( 5 mg) was dissolved in MeOD:D2O 1:1 (500 L) and irradiated by a UV
lamp at 365 nm overnight. The reaction mixture was diluted with MeOD:D,0:CD3zCOOD in a 1:1:0.01

ratio for electrospray.
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Scheme 2.7: Reagents and conditions (i) MeOD:D-O 1:1; (ii) UV lamp, overnight, concen-
trate; (iii)) MeOH:H»O 1:1.

o}
O

D

o 0._0
DNI \END The products including [Ds]-4,4-azipent-1-yl-s-AALG (D5-XIII) were
D
o SJ\WN¢ characterized by MS/MS: m/z 553 (D5-M+D)™, 533 (-D20), 525 (-CO),
o)

475 (-[D2]GlyOD), 466 (-C5HgDO), 446 (m/z 466-D20), 389, 275.

2.2.2.6 Procedure of UVPD and H/D Back Exchange of 4,4-azi-pent-1-yl-s-AALG in Solution

4,4-Azi-pent-1-yl-s-AALG ( 5 mg) was dissolved in MeOD/D2O 1:1 (500 L) and irradiated by a UV
lamp (365 nm) overnight. The reaction mixture was concentrated to a minimum volume with a flow of

nitrogen and redissolved in MeOH:H2O:CH3COOH at a 1:1:0.01 ratio and for electrospray.

2 D

OW The product of post-photolysis D/H back exchange (D;-XIII) was char-

o 0._0
HN;\/ \ENH acterized by MS/MS: m/z 548 M+H)™, 530 (-H0), 473 (-GlyOH),
H
¢ ”J\W N¢ 461 (-Cs;H9DO), 386 (m/z 461-GlyOH ), 360 (-Leu—-GlyOH), 273 (m/z
o)

360-C5HyDO).

2.2.2.7 Procedure for H/D Exchange of the Cyclized Peptide

The cyclic peptide was dissolved in MeOD:D20O 1:1 and diluted with MeOD: D50O: CD3COOD in a

1:1:0.01 ratio for electrospray.
0

O/\/Y
[ j: ;o
The product (D4-XIII) was characterized by MS/MS: m/z 552 (D4-M+D) ™,

O O
DN \E
T LR E
N (?0 532 (—D,0), 524 (~CO), 494, 475 (—[Do]GlyOH), 466 (~C5H0), 446,

388, 361 (-Leu—GlyOH), 289, 275.
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SRS ¢ O
HN \ENH i > DN ND

Scheme 2.8: Reagents and conditions (i) MeOD:D50 1:1.

2.2.3 MS and NMR Characterization of Synthesized Products
2.2.4 Calculations

Born-Oppenheimer molecular dynamics (BOMD) calculations were run as 20 ps trajectories with 1
fs steps at 350-600 K using PM6-D3H4 calculations.!'8! The BOMD calculations were run under the high-
level Cuby4 platform.[!®! The initial ion structures were constructed with different protonation sites that were
at the peptide amide carbonyls for the non-basic peptides. In addition to thermal conformational motion,
BOMD allows bond changes to proceed along the trajectory, namely, proton migration between different
sites in the ion. The 20,000 structures generated by BOMD were sampled at regular intervals and 200 se-
lected snapshots were fully optimized by PM6-D3H4. This augmented semiempirical procedure has been
shown to capture hydrogen bonding and dispersion interactions,*’! and we have used it previously for struc-
ture analysis of several gas-phase peptide ions.!3"l!4l The PM6-D3H4-optimized structures were sorted out
by type and energy, and 15-20 low-energy ions were reoptimized with density functional theory (DFT) calcu-
lations, using B3LYP?!! and the 6-31+G(d,p) basis set and including harmonic frequency analysis. Several
lowenergy B3LYP structures were reoptimized with M06-2X!??! and the 6-31+G(d,p) basis set. These were
used for single-point energy calculations that were carried out with M06-2X/6-311++G(2d,p) to provide
relative energies that were combined with B3LYP zero-point vibrational energies, enthalpies, and entropies
to obtain relative Gibbs energies for ion conformers and protomers. Ion solvation energies were estimated
from self-consistent reaction field polarizable continuum model calculations (PCM)1?3! in water dielectric
with full gradient optimization by M06-2X/6-31+G(d,p) and single-point M06-2X/6-311++G(2d,p) ener-
gies. These standard DFT calculations were carried out with the Gaussian 16 suite of programs (Revision

B.01) that was licensed from Gaussian, Inc. (Wallingford, CT). The lowest-energy ion structures from the
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Figure 2.1:

CID-MS? mass spectra of (a) (I+H)™ ion at m/z 575, (b) (II+H)™ ion at m/z
575, (c) AII+H) ™ ion at m/z 575, (d) AV+H) T ion at m/z 547, (e) (V+H)™ ion at m/z 547.
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Figure 2.2: CID-MS? mass spectra of (a) (VI+H)" ion at m/z 603, and (b) (VII+H) " ion at
m/z 745.
VZ1428.1.fid nnkas 5§ £iinERsgza FEEEEEE R E TR
sandard 1H 1D h“‘-’?‘a\;; T v":\jwar/m %ﬁw
-10000
p
|
\
|| -a000
0 0 f 1
r r (
D g J J- J = ~8000
]HNN[R(WOI\H{L CDCL) & T48—T7.19 ~7000
(m, 5H), 5.25 (s, 1H), 4.82 — 4.66 (m, 15,
438 —4.41 (m, 1H), 5.96(dd, J=47.1,16
Hz, 2H), 2.17 — 1.80 (m, 4H). -+ 00
Im
451
F[m) A[s)|IB (m) D (dd) Em] L5000
7432 5.p5 4.[F5 3.96 [ 06
~4000
—3000
| 2000
J ’| ~1000
A atl o |l L;__J__ -0
5 | T e I
9j5 9.‘0 8.‘5 B.ID 7:5 ?.IU 6:5 ﬁjU 5.‘5 5:0 4.‘5 4:0 3.‘5 3‘.0 2.‘5 Z.ID l:5 1.‘0 U:S U.ID -UI.S -].l.D
f1 (ppm)
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MO06-2X calculations were then used as initial geometries for 100 ps BOMD trajectory runs using Cuby4,

that each created 100,000 snapshots for atom-atom contact analysis.

2.3 Results and Disscussion

2.3.1 Photodissociation and Crosslinking Yields

Scaffold ions 4,4-Azipent-1-yl-s-LAAG (s-LAAG), 4,4-Azipent-1-yl-s-ALAG (s-ALAG), and 4,4-Azipent-
1-yl-s-AALG (s-AALG) (m/z 575) were produced by electrospray protonation from aqueous-methanol so-
lutions and selected by mass in the ion trap. Photodissociation at 355 nm resulted in elemination of Ny
from the diazirine ring and formation of product ions (Figure 2.12). Multiple (14) laser pulses were used to
achieve conversions that produced photodissociation ion counts allowing further ions analysis by multistage
CID-MS". Loss of No was accompanies by consecutive dissociations that were driven by the substantial
exergonicity of carbene insertion!'¥ or isomerization®*!. Tetrapeptide scaffolds are the smallest ones to
provide fractions of stable (MH — Ny)™ ions for further CID-MS" studies.

The fragment ions formed through photodissociation were identified using CID-MS™ spectra of the
surviving (MH — N2)™ ions. Additionally, to help with this identification, representative synthetic 3-pentene
and 4-pentene derivatives of s-AALG illustrating the byproducts of carbene isomerization to alkenes were
analyzed and compared with UVPD spectra (Figure 2.1 (d) and (e)). For s-LAAG, s-ALAG, and s-AALG,
CID-MS" of their pentene esters showed simple peptide backbone cleavages resulting in the sequential loss
of the amino acid residues starting with GlyOH and followed by Leu or Ala according to the particular
sequence to give b,, ™ ions, where n represents the number of residues in the fragment counting from the
N-terminus for b-type ions. These fragment ions were used to identify and quantify crosslinks and non-
crosslink olefin byproducts from diazirine photodissociation.

Photodissociation spectra of s-LAAG, s-ALAG, and s-AALG gave conversions ranging between 16
and 35% (Table 2.1). The overall conversion depended on the laser power and overlap of the ion cloud with
the laser beam in the ion trap that varied in measurements taken on different days. Internal normalization
of the photoproducts showed nondissociating (survivor) fractions of 4.5-4.7% for s-LAAG, s-ALAG, and

s-AALG (Table 2.1). The orthogonal nature of the crosslink and non-crosslink CID-MS™ spectra allowed us
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Figure 2.12: UVPD-MS? mass spectra (355 nm) of m/z 575 from protonated (a) s-LAAG,
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terial are denoted by asterisks.
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to clearly distinguish these populations. Photodissociation of s-LAAG, s-ALAG, and s-AALG was found to
produce 21-26% fractions of crosslinked ions (Table 2.1), showing very similar crosslinking yields. These
yields from the peptide scaffolds were in the middle range of yields typically obtained from gas-phase
noncovalent peptide-peptide complexes!®1'?! and orders of magnitude higher than yields of crosslinks for

equimolar carbene-substrate ratios in solution!>>!126],

Table 2.1: Photodissociation Conversion and Crosslink Yields

Scaffold Laser Pulses (%) UVPD Conversion® (%) Survivor Fraction? (%) Crosslink Fraction® (%)

s-LAAG 14 29 4.6 26
s-ALAG 14 16 4.5 25
s-AALG 14 35 4.7 21
s-AALG-OEt 36 65 2.5 13

* Fraction of total UVPD produced ions.
® Fraction of nondissociating (MH — N2)* ions relative to the total photoproduct ion intensities.
¢ Fraction of photoproducts identified as originating from crosslinks.

2.3.2 CID-MS" Analysis of Crosslinked Photoproducts

The (MH — Ny)T ions from diazirine photodissociation were then investigated by CID-MS? (Figure
2.13) and further CID-MS* of each prominent fragment from the corresponding MS® spectra (Table 2.2-
2.4). The (MH-N32)* ions at m/z 547 from s-LAAG, s-ALAG, and s-AALG gave very similar fragmentation
patterns in which the fragment ions were identified on the basis of accurate mass measurements of analogous
(MH- N3)* ions that were separately generated by CID-MS? of the scaffolds. The conspicuous feature of
the CID-MS? spectra (Figure 2.13) was that they showed a very minor loss of GlyOH (im/z 472), which was
the dominant dissociation of non-crosslinked scaffold ions. Instead, the spectra showed losses of water, CO,
and C5H;¢O from the side chain (m/z 461) and a loss of an out-of-sequence alanine residue at m/z 476 and
458. These features, including sequence scrambling, are typical of cyclic peptides>’1?8], affirming that the
ions were internal crosslinks in which the peptide and alkyl side chains were connected by a covalent bond.
The loss of C5H;9O from the side chain was combined with loss of GlyOH (m/z 386) and dipeptide sequence
residues LeuGlyOH (m/z 273) and AlaGlyOH (m/z 315) (Figure 2.13, respectively). This interpretation was
corroborated by the CID-MS* spectra of m/z 461 ions that showed the pertinent peptide sequence fragment

ions as dominant products (Figure 2.14). The facile loss of C5H1¢9O upon CID indicated that the C—X bond
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forming the crosslink to the peptide chain was susceptible to proton driven cleavage. This feature is typical

of ester C—O and amide C-N bonds but not aliphatic C—C bonds, suggesting that the carbene insertion into

the LAAG, ALAG, and AALG sequences involved the peptide amide N—H and/or glycine carboxyl O-H

bonds.
Table 2.2: CID-MS* Fragments of (MH — No)™ m/z 547 from s-LAAG Following UVPD
529 519 476 472 461 458 386 315
-H»>O -CO —Ala -GlyOH —-CsH;90O —-AlaOH 461-GlyOH 386-Ala
511 502 458 401 443 401 371 287
484 476 448 330 386 390 358 244
454 474 405 358 383 315 170
443 416 401 315 372 274
416 377 390 287 301
386 372 371 297
364 309 333 243
315 330
315
Table 2.3: CID-MS* Fragments of (MH — Ny)* m/z 547 from s-ALAG Following UVPD
529 519 476 472 461 434 401 386 315
“H,0 | -CO | -Ala | -GlyOH | -CsH;0O | -Leu | 472-Ala | 461-GlyOH | 386-Ala
520 502 458 401 443 416 288 371 287
511 476 448 288 404 359 358
507 434 419 386 348 315
501 309 401 358 288 287
470 148 390 315 273 201
458 330 287
443 315
386 288

2.3.3 H/D Exchange in s-AALG Reveals Proton Involvement in Crosslinking Mechanism

The CID-MS" analysis of the photodissociation products from s-LAAG, s-ALAG, and s-ALAG ions

in the gas phase indicated the possibility of the formation of crosslinks with cyclized lactone or amide

structures. Despite the different positions of Ala and Leu residues, the fragemntation pattern in both CID

and UVPD are the same. Further experiments were carried out to investigate the crosslink’s structure for s-

AALG in more details. According to the standard mechanism of X—H bond insertion into carbenes (Scheme
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Table 2.4: CID-MS* Fragments of (MH — Ny)* m/z 547 from s-AALG Following UVPD

529 519 472 461 458 434 386 273
-H>O -CO -GlyOH —C5H;00 —AlaOH —Leu 461-GlyOH 386-Leu

511 502 443 443 443 416 371

501 475 359 386 404 359 358

459 434 358 386 348 315

443 431 273 358 288 287

386 348 245 315 273 201

372 309 287

359 288

293 245

255

219

2.1), the hydrogen atom involved is incorporated in a stable covalent C—H bond. This means that protons
from polar O-H or N-H bonds that are prone to hydrogen-deuterium exchange in the reactant become

nonpolar if involved in carbene insertion and cannot be further affected by prototropic H/D exchange.

To probe crosslinking in s-AALG, we converted all five exchangeable amide N-H and carboxyl O—
H protons to deuterons under mild nonacidic conditions and subjected the sample to UV photolysis in
CD30D/D50 solution (Schemes 2.6 and 2.7). The products were then converted back to the protic cycle
and analyzed by tandem mass spectrometry. The electrospray mass spectrum showed partial retention of
deuterium in the (MH — N3)* ion at m/z 548, whereas the main fraction was back exchanged (m/z 547,
Figure 2.15(a), inset). CID-MS? of the m/z 548 ion indicated that the products of solution photolysis chiefly
consisted of alkene isomers, as judged by the loss of glycine and LeuGlyOH residues, giving rise to the
respective m/z 473 and 386 fragment ions. We note that the m/z 548 ion contained ca. 40% of combined 3C
and "N isotopologues of the m/z 547 ion that were unresolved from the m/z 548 D species and contributed
to the formation of the m/z 473 and 386 fragment ions. However, the m/z 461 fragment ion in the CID-MS?
spectrum signified a loss of CsHgDO that was further corroborated by the combined loss of CsHgDO and
LeuGly (m/z 273, Figure 2.15(a)). The CID-MS? spectrum of the m/z 461 ion (Figure 2.15(b)) confirmed
there was no deuterium present after the loss of CsHgDO. This established that an exchangeable proton was

incorporated into the transient carbene upon photolysis.
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2.3.4 Dertermination of Crosslinking Sites in s-AALG

To further specify the peptide functional group engaged in crosslinking, we studied gas-phase pho-
todissociation of s-AALG-OEt in which the C-terminal carboxyl group was blocked as an ethyl ester. Table
2.1 data show that photodissociation of s-AALG-OEt proceeded with a smaller survivor (MH — N3)* and
crosslink fractions when compared to those from s-AALG. This ca. 40% decrease was interpreted as being
due to the formation of alkene products caused by the carboxyl blockage. This was corroborated by both
the UVPD-MS? of s-AALG-OEt at m/z 603 and CID-MS? of the (MH — N»)* ion at m/z 575, as shown in

Figure 2.16(a) and (b), respectively.

UVPD of s-AALG-OEt showed substantial dissociation of the peptide chain which was typical of the
alkene products of Ny elimination. CID-MS? of the (MH — N»)* ion showed less abundant m/z 472 (loss of
GlyOEt) and m/z 359 (loss of LeuGlyOEt) sequence ions that would be indicative of an alkene ion where this
dissociation predominated (Figure 2.16(c)). Prominent dissociations in the ester group by loss of ethylene
and ethanol, m/z 547 and 529, respectively, were accompanied by nonsequence loss of Ala (m/z 504) and
Leu (m/z 462) that indicated the presence of crosslinks. Remarkably, loss of C5H;9O from the side chain
(m/z 386) was observed only following the loss of GlyOEt, so this fragmentation could not be used as a

crosslink signature.

To further elucidate the carboxyl participation in carbene quenching, we synthesized an authentic
lactone corresponding to the Gly-carboxyl crosslinked product, denoted as cyc-s-AALG. The CID-MS?
spectrum of protonated cyc-s-AALG (m/z 547) showed fragment ions by loss of water, GlyOH, CsH;,0,
(C5H190 + H20), (CsH100 + GlyOH), and LeuGlyOH at m/z 529, 472, 461, 443, 386, and 359, respec-
tively (Figure 2.17(a)). These fragment ions, which were characteristic of a cyclic structure, also appeared
in the CID-MS? spectrum of the s-AALG UVPD product, although with different relative intensities (Figure
2.17(b)). In particular, the UVPD product showed a more prominent loss of CO (m/z 519) and the combined
loss of C5H100O and LeuGlyOH (m/z 273). On the basis of the Gly ethyl ester blocking results (Table 2.1),
we estimated the content of the lactone form of cyc-s-AALG at ca. 40%, which allowed us to subtract
this contribution from the spectrum of the UVPD product. The resulting renormalized difference spectrum
(Figure 2.17 (b)) showed the dominant dissociations by combined losses of C5H1pO and the GlyOH and

LeuGlyOH fragments. Along with the results of deuterium labeling, this indicated that the crosslinking
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Figure 2.16: (a) CID-MS? mass spectrum of m/z 603 (M + H)™ ion from 4,4-azipent-1-yl-
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involved the N—H bond of the Gly amide. However, on the basis of the experimental data we cannot ex-
clude crosslinking to the N-H bond of the Leu amide. It should be noted that increasing the amide group
basicity by N-alkylation, as in the amide crosslinks, has been reported to enhance peptide bond cleavage!®!,
which was consistent with the facile backbone dissociations at the crosslinked residues in the Figure 2.17

(b) spectrum.

The dissociations of the cyc-s-AALG lactone isomer were further investigated with the help of deu-
terium labeling in the N-D exchanged D4-derivative (Figure 2.11 (c), Scheme 2.8). The spectrum showed
a combined loss of HDO and D> 0, indicating ester elimination and lactone ring opening that involved light
hydrogens from the aliphatic side chain. Consistent with this, the losses of GlyOH and LeuGlyOH were
comprised of D;-D3-containing molecules, indicating the involvement of light hydrogens. In contrast, the
loss of C5H19O did not involve any H/D exchange, which suggested that this neutral molecule was elimi-
nated as a cyclic ether. Note that an elimination of C5H;¢O as a pentenol would have necessarily involved a

deuteron transfer onto the neutral molecule.

The results from H/D exchange and carboxyl blocking experiments can be summarized as follows.
Polar amide and carboxyl groups significantly participate in crosslinking to the transient carbene produced
in the scaffold side chain. A fraction, estimated at about 40% of polar crosslinks, is due to participation by
the carboxyl OH group forming a lactone product. The other fraction involves one of the amide N-H bonds,
specifically that between Leu and Gly in s-AALG, forming a cyclic amide product. Scheme 2.9 depicts the
possible pathways from the carbene intermediate to the carboxyl and amide crosslinks. The crosslink creates
a chiral center at the former carbene atom which most likely gives rise to racemic products. The efficiency
of these pathways, which totals up to 21% according to Table 2.1 data, depends on the kinetics of the first
step, which presumably consists of a proton transfer to the electron-rich carbene.??!13%! This step depends on
the populations of ion conformations in thermal ions that determine the probability of the proton to appear
at a distance to the carbene atom allowing C—H bond formation in the transient carbocation. Conformations
in which the proton is remote from the carbene undergo competitive isomerization within the side chain by

1,2-hydrogen migration from the adjacent CHs or CH3 group to form alkene isomers.
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2.3.5 Structure of s-AALG Peptide Ions

To interpret the results of scaffold photodissociation and carbene crosslinking, we conducted extensive
calculations of ion structures and dynamics. The primary goals of these calculations were to identify the
most energetically favorable protonation sites and ion conformations of the diazirine-containing scaffolds
and to analyze the dynamic interactions between the incipient carbene atom and peptide bonds in thermal
ions. BOMD calculations of s-AALG ions were performed with initial structures protonated at the phthalate,
Alal, Ala2, and Leu amides. Several low Gibbs energy structures are presented in Figure 2.18. Structures
initially protonated at Alal, Ala2, and Leu collapsed during BOMD to form a single protomer, with the
proton positioned at the Ala2 amide. In the lowest energy structures (A1-A4), the Ala2 proton was shared
by a very short (1.39-1.47 A) hydrogen bond with the Leu amide, indicating facile proton migration between
these two amide groups. This hydrogen bond stabilized the conformation of the Ala2-Leu segment of the
peptide chain, causing it to move as a unit during the thermal motion of the ions. Ions A1-A4 primarily
differed in the conformation of the leucine and diazirine-containing side chains. Structures A5 and A6
displayed distinct conformations, with the Ala2 proton hydrogen-bonded to the phthalate and Alal amide
carbonyls at 1.49 and 1.38 A, respectively. The phthalate-protonated ion A7 represented another higher
energy protomer. Nonetheless, the Gibbs energy differences among the various protomers and conformers

were small enough to allow proton migration among the amide groups, ensuring conformational mobility of
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Figure 2.18: MO06-2X/6-31+G(d,p)-optimized structures of low-energy s-AALG ions.
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 indicated by double-headed blue
arrows. The protonated amide groups are labeled with plus signs. Relative Gibbs energies
in kJ mol~! are from M06-2X/6-311++G(2d,p) single-point energy calculations including
B3LYP zero-point energies, enthalpies, and entropies and referring to 310 K. Relative Gibbs
energies of water-solvated ions are shown as purple italics.

the peptide C-terminus and side chains in thermal ions.

Solvation by water, as estimated using polarizable continuum model calculations, equalized the relative
Gibbs energies of A1 (AG310, a9 = 0.0 kJ mol~ 1) and A2 (AG310,aqg =-0.2kJ mol 1), while the energies of
A3-A6 remained above 12 kJ mol~! (AG310,aq > 12 kJ mol 1) (Figure 2.18). This indicated that solvent
effects that may play a role in ion charging in electrospray droplets were comparable for all s-AALG ion

protomers and conformers and were unlikely to significantly change the populations of gas-phase ions.

2.3.6 Atom-Atom Contact Analysis of s-AALG Thermal Ions

The fully optimized geometries of the low Gibbs energy peptide scaffold ions represented static local
energy minima, where the incipient carbene atoms could be distant from the carboxyl oxygen and amide

nitrogen atoms involved in photodissociative crosslinking. For instance, in structure A1, the stationary dis-
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tances between the incipient carbene atom (C18) and the carboxyl hydroxyl (O41), Gly-amide (N34), and
Leu amide (N29) were 5.14, 4.26, and 4.90 A, respectively. For a complete list of selected interatomic
distances, see Table 2.5. Unlike the calculated ion geometries at local energy minima, which correspond to
static structures at 0 K, the gas-phase ions studied experimentally were in the buffer gas at the ion trap tem-
perature (310 K). Consequently, the thermal motion of all atoms and the resulting conformational changes
had to be considered to capture and map the temporary variations in interatomic distances between the
incipient carbene atom (C18) and specific atoms in the peptide chain.

Furthermore, photodissociation led to internal excitation of the nascent carbene ion, which can be
expressed by assigning it an effective temperature. According to our calculations, the dissociation of Al
into Ny and the carbene intermediate was endergonic by 59 kJ mol~!. When combined with the photon
energy (337 kJ mol~! at 355 nm) and the standard rovibrational enthalpy of A1 (100 kJ mol~! at 310 K),
a total of 378 kJ mol~! was distributed between the carbene ion and the departing N molecule. Although
the exact kinetic energy of the departing N2 molecule was unknown, preventing a precise evaluation of
the internal energy distribution, we estimated the effective temperature of the carbene ion to be 640 K, as
an upper limit corresponding to 378 kJ mol~! of rovibrational energy. The hot nascent carbene ion then
underwent cooling collisions with the bath gas, limiting its internal excitation to the range of 310-640 K.

Table 2.5: Interatomic Distances in Peptide Scaffolds of the Incipient Carbene Atom C18
to Selected Atoms®?

Ion COOH COOH Gly-NH Gly-NH Leu-NH Leu-NH Ala2-OH

Al 514 5.57 4.26 4.41 4.90 5.89 5.26
A2 6.86 7.78 5.38 6.27 5.46 6.03 4.15
A3 549 5.38 4.63 4.38 4.18 3.73 5.49
A4 12.0 12.7 9.72 10.2 7.53 7.36 7.85
AS 4.1 3.22 6.34 6.57 7.30 7.12 8.50
A6  8.94 9.50 6.61 7.07 4.49 3.51 7.36

* Atoms of interest shown with bold letters.
® Based on M06-2X/6-31+G(d,p) optimized geometries.

In the contact analysis, we considered that the diazirine ring limits the closest approach of peptide
atoms to the incipient carbene atom to a distance based on the sum of the van der Waals radii of the involved

atoms, also influenced by the mutual orientation of the interacting groups. A previous estimate for a random
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approach set this limit at approximately 4 A8l but this benchmark distance was still too long to lead to an
unambiguous insertion reaction after carbene formation!'¥l. Therefore, we reexamined it using the results
of the 100 ps BOMD trajectories of Al and A2 (Figures 2.19-2.21), counting the encounters of the incipient
carbene atom with selected ion atoms over a 2.5-4.5 A distance. The trajectory contact analysis is shown
in Figures 2.22 and 2.23. Despite having very similar Gibbs energies, the conformers followed different
trajectories at both 310 and 640 K (Figures 2.19-2.21). At 310 K, ion A1 experienced 22% of contacts with
exchangeable hydrogens within a 3.7 A distance, corresponding to the experimental crosslinking yield (21%,
Table 2.1). Interestingly, the number of these contacts decreased when the ion temperature increased to 640
K, likely due to the larger conformational space accessed at higher temperatures, making specific contacts
with exchangeable hydrogens relatively less frequent due to increased interactions with other atoms. The
contacts were distributed among the Gly-amide NH (H36), Gly carboxyl OH (H42), and Leu-amide NH
(H35). The most acidic proton (H80) showed lower participation at 310 K, which increased at 640 K
(green symbols in Figure 2.22). In contrast, conformer A2 primarily showed contacts with nonexchangeable
hydrogen atoms, while contacts with exchangeable protons were minimal at 310 K (Figure 2.23). Most of
the 310 K contacts occurred with the hydrogens of the Ala2 methyl group, accounting for 22% of contacts at
3.8 A. However, while the Ala2 methyl hydrogens were accessible to C18, the methyl carbon atom remained
at a distance greater than 4.5 A throughout the trajectories, likely hindering insertion into the carbene and
formation of the C—C bond. The BOMD trajectory of conformer A2 was more sensitive to the effective
temperature, as shown in Figures 2.19 and 2.20. At 640 K, A2 developed numerous contacts with the Gly-
amide NH and the charging proton (Figure 2.21), which could result in proton transfer and crosslinking.
Thus, it can be inferred that crosslinking in the nascent, vibrationally hot carbene can involve the Gly amide
and Leu OH protons starting from conformer A2. Upon collisional cooling, the crosslinking probability
of A2 decreased, while that of conformer A1 increased. It should be noted that achieving close contact
was a necessary, though not sufficient, condition for carbene crosslinking. The accessibility of the other
atom of the X—H bond and the energetics of proton transfer were additional factors likely influencing the

crosslinking yields and topicity.
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Figure 2.19: Interatomic distances to C18 of (a) Gly-COOH (H42) and (b) Gly-NH (H36)
in s-AALG ions A1l (blue) and A2 (brown) along the 100 ps BOMD trajectories at 310 K.
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in s-AALG ions A1 (blue) and A2 (brown) along the 100 ps BOMD trajectories at 640 K.
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Figure 2.22: Contact analysis of 100 ps BOMD trajectories of ion Al at 310 K (top) and
640 K (bottom). For atom number assignment see the structure on the right; the incipient
carbene (C18) is annotated with an asterisk. The limits in A are cutoffs for counting the
number of interatomic distances to C18 in the 100 ps trajectories. The total fractions are
overcounted due to simultaneous contacts with multiple atoms.
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Figure 2.23: Contact analysis of 100 ps BOMD trajectories of ion A2 at 310 K (top) and
640 K (bottom). For atom number assignment see the structure on the right.
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2.4 Conclusions

This study demonstrated the efficacy of utilizing peptide scaffolds with covalently attached diazirine
carbene precursors as model systems for examining intramolecular crosslinking behavior in gas-phase pep-
tide ions. Across the sequences analyzed (s-LAAG, s-ALAG, and s-AALG), it was evident that the specific
order and positioning of alanine and leucine residues had minimal impact on the overall crosslinking yields,
indicating a robust crosslinking mechanism independent of these structural variations. The s-AALG scaf-
fold, due to its consistent crosslinking pattern, served as a focal point for a more in-depth investigation.

Hydrogen-deuterium exchange and CID-MSn spectral analysis of synthetic reference products con-
firmed that polar groups, particularly the carboxyl OH and amide NH groups of the glycine residue, are
major contributors to crosslink formation. This was further substantiated by BOMD simulations, which
provided insights into the temperature dependence of these interactions and highlighted the role of thermal
ion behavior in governing the proximity and frequency of these critical contacts with the incipient car-
bene atom. Overall, the comprehensive approach combining experimental techniques and computational
simulations solidifies the s-AALG scaffold as a reliable model for understanding carbene crosslinking in

hydrophobic peptide environments.
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Chapter 3

Carbene Crosslinking with Basic Peptide
Ion Scaffolds in the Gas-Phase

Reproduced in part with permission from Hongyi Zhu, Véclav Zima, Emily R. Ding, and FrantiSek TureSek.
Carbene Cross-Linking in Gas-Phase Peptide lon Scaffolds. Journal of the American Society for Mass

Spectrometry, 2023, 34 (4), 763-774.

Abstract. Based on the established intramolecular crosslinking peptide model, we investigated the effects
of basic amino acid residues with different protonation sites and conformations on carbene crosslinking.
Carbene intermediates were generated by UV-laser photodissociation at 355 nm of the diazirine ring in
mass-selected ions, and the crosslinked products were detected and quantified using collision-induced dis-
sociation tandem mass spectrometry (CID-MS™, n = 3-5). Compared to normal hydrophobic amino acids
like alanine, leucine, and glycine, which have only methyl group side chains, the presence of proline and
histidine residues significantly decreased crosslinking yields. Interpretation of the crosslinking results was
aided by Born-Oppenheimer molecular dynamics (BOMD) simulations and density functional theory (DFT)
calculations, which helped establish the protonation sites and conformations of the precursor ions. The anal-
ysis of long BOMD trajectories (100 ps) was used to count the close contacts between the incipient carbene
and peptide atoms. These statistical counts were then correlated with the gas-phase crosslinking results,
providing insights into how different protonation sites and amino acid conformations influence crosslinking

efficiency.
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3.1 Introduction

The intramolecular crosslinking peptide model we developed demonstrated precise identification of
crosslinking sites, down to specific X—H bonds in amino acids, offering high resolution in carbene photodis-
sociation research. The three sequences—s-LAAG, s-ALAG, and s-AALG—were found to exhibit similar
crosslinking patterns. In the s-AALG sequence, BOMD calculations revealed that the initial protonation
sites, located at the phthalate, Alal, Ala2, and Leu amides, collapsed upon BOMD simulation to a single
protomer, with the proton migrating to the Ala2 amide. To further explore how different protonation sites
influence peptide conformation and crosslinking behavior, we used the s-AALG scaffold as a standard and
replaced leucine with other amino acid residues containing different funcional groups. This modification
also highlights the versatility of our scaffold model, as peptide protonation sites and chain conformations

can be easily adjusted.

Certain amino acid residues are known to promote selective cleavages that dominate the spectra and
suppress other nonselective cleavages that can aid in peptide identification. Examples of these selective
cleavages include the “proline effect,” a preference for cleavage N-terminal to proline residues!' 5! to give
yn " ions, where n represents the number of residues in the fragment counting from the C-terminus for y-
type ions and from the N-terminus for b-type ions!*!. The “proline effect” can in part be rationalized by the
increased basicity of the prolyl-amide site. Similarly, histidine is categorized as a basic amino acid due to
its strong basicity, with protonation fixed at its imidazole nitrogens. In this study, we aim to leverage our
established intramolecular peptide scaffold to investigate sequences with varying basicity, from proline to
histidine, examining both basic backbone and side-chain residues (Scheme 4.1). By combining experimental
data with BOMD calculations and contact analysis, we aim to map the crosslinking behavior of these dif-

ferent sequences and gain further insights into how peptide structure and protonation influence crosslinking.
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Scheme 3.1: Scaffolds design for s-AAPG and s-AAHG.

3.2 Experimental Section

3.2.1 Materials and Methods

Unless otherwise noted, all starting materials were purchased from Sigma Aldrich (St. Louis, MO)
and were used as received. Acetonitrile was dried using 4A molecular sieves, grade 514 (8-12 mesh).
Mass spectra were measured on a Bruker Daltonik, GmbH (Bremen, Germany), amaZon ion trap mass
spectrometer that was equipped with an EKSPLA NL301G Nd-YAG laser (Altos Photonics, Bozeman,
MT, USA) working at 20 Hz frequency and 3- to 6-ns pulse width. Ions were produced by electrospray
ionization, selected by mass in the ion trap, and irradiated by multiple laser pulses at 355 nm. Multistage
tandem mass spectra were obtained by collision-induced dissociation (CID) of mass selected fragment ions.

The excitation amplitude was chosen to achieve a high conversion of precursor ions.

3.2.2 Synthetic Procedures

4,4-Azipent-1-yl-s-AAPG (I)

i O/\/Y The title conjugate was prepared according to the general proce-
© NN dure for esterification (see Chapter 2.2.2) and the general procedure
HNJ/\/ for solid phase peptide synthesis (see Chapter 2.2.2). The product
o A o 5 was characterized by MS/MS: m/z 559 (M+H)™", 484 (-GlyOH, b,),
N H /\fo 387 (-Pro-GlyOH, b3), 316 (-Ala-Pro-GlyOH, bs), 244 ((Ala-Pro-

HO GlyOH+H)™, y3), 173 ((Pro-GlyOH+H) ™, ys).

4,4-Azipent-1-yl-s-AAHG (II)
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The title conjugate was prepared according to the general procedure

0 g @ for esterification (see Chapter 2.2.2) and the general procedure for
\HLNJ\[(N N/\H/OH
%NH H § H o solid phase peptide synthesis (see Chapter 2.2.2). The product was
0”0 © HN;N characterized by MS/MS: m/z 599 (M+H)™, 571 (-Njy), 553 (-Nyp—
N H20), 496 (-GlyOH), 485 (-No—C5H190), 468 (m/z 485-NH3), 284
\\N

(Ala-His-GlyOH+H) ™", 213 (His-GlyOH+H)*.

3-Penten-1-yl-s-AAHG (III)
The title conjugate was prepared according to the general proce-

dure for esterification (see Chapter 2.2.2) and the general procedure

Q o 9 for solid phase peptide synthesis (see Chapter 2.2.2). The product
%NH H o H o was characterized by MS/MS: m/z 571 (M+H)*, 553 (-H20), 496
0“0 © HN;N (-GlyOH), 485 (—-C5H100), 468 (m/z 485-NH3), 359 (-His-GlyOH),

284 (Ala-His-GlyOH+H) ™", 249, 213 (His-GlyOH+H)*, 195 (m/z -
H>0).

3.2.3 MS Characterization of Synthesized Products
3.2.4 Calculations

Born-Oppenheimer molecular dynamics (BOMD) calculations were run as 20 ps trajectories with 1 fs
steps at 350-600 K using PM6-D3H4 calculations.!”! The BOMD calculations were run under the high-level
Cuby4 platform.!®! The initial ion structures were constructed with different protonation sites that were at the
peptide amide carbonyls for the non-basic peptides. In addition to thermal conformational motion, BOMD
allows bond changes to proceed along the trajectory, namely, proton migration between different sites in
the ion. The 20,000 structures generated by BOMD were sampled at regular intervals and 200 selected
snapshots were fully optimized by PM6-D3H4. This augmented semiempirical procedure has been shown
to capture hydrogen bonding and dispersion interactions,!”) and we have used it previously for structure
analysis of several gas-phase peptide ions.[®I"!4l The PM6-D3H4-optimized structures were sorted out by
type and energy, and 15-20 low-energy ions were reoptimized with density functional theory (DFT) calcu-
lations, using B3LYP!">! and the 6-31+G(d,p) basis set and including harmonic frequency analysis. Several

lowenergy B3LYP structures were reoptimized with M06-2X!'%! and the 6-31+G(d,p) basis set. These were
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Figure 3.1: CID-MS? mass spectra of (a) (I+H)™ ion at m/z 559, (b) (AI+H)™ ion at m/z
599, and (c) (II+H)™ ion at m/z 571.

101



used for single-point energy calculations that were carried out with M06-2X/6-311++G(2d,p) to provide
relative energies that were combined with B3LYP zero-point vibrational energies, enthalpies, and entropies
to obtain relative Gibbs energies for ion conformers and protomers. Ion solvation energies were estimated
from self-consistent reaction field polarizable continuum model calculations (PCM)!'7] in water dielectric
with full gradient optimization by M06-2X/6-31+G(d,p) and single-point M06-2X/6-311++G(2d,p) ener-
gies. These standard DFT calculations were carried out with the Gaussian 16 suite of programs (Revision
B.01) that was licensed from Gaussian, Inc. (Wallingford, CT). The lowest-energy ion structures from the
MO06-2X calculations were then used as initial geometries for 100 ps BOMD trajectory runs using Cuby4,

that each created 100,000 snapshots for atom-atom contact analysis.

3.3 Results and Discussion

3.3.1 Photodissociation and Crosslinking Yields

Scaffold ions s-AAPG (m/z 559) and s-AAHG (m/z 599) were produced by electrospray protonation
from 1:1 water:methanol solutions and selected by mass in the ion trap. Photodissociation at 355 nm resulted
in elimination of N9 from the diazirine ring and formation of product ions (Figure 3.2). Photodissociation
spectrum of s-AAPG was obtained with 36 laser pulses gave photodissociation conversions at 49%. In con-
trast, differentiating the UVPD-produced ions in the photodissociation spectrum of s-AAHG was challeng-
ing, as all the UVPD-MS? induced fragments (Figure 3.2 (b)) were also present in the CID-MS? spectrum
(Figure 3.1 (b)). To address this, we conducted further investigation through CID-MS? analysis of both
UVPD and CID fragments. At m/z 468, we observed that the fragmentation patterns from UVPD-CID-MS?
and CID-CID-MS? were distinct (Figure 3.3), indicating the presence of UVPD-produced ions. This ion
difference was then used to calculate the UVPD conversion rate for s-AAHG. Compared with the scaffolds
containing alanine, leucine, and glycine residues in different order, s-AAPG with the basic backbone gave a
higher photodissociation yield and lower yields of both the survivor fraction and crosslink products. The last
two figures are even more pronounced for s-AAHG with the basic side chain which gave nondissociating

photoproducts at 83% but only a 7.8% yield of fragments assigned to crosslinks.
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Figure 3.2: UVPD-MS? mass spectra (355 nm) of protonated (a) s-AAPG at m/z 559 and
(b) s-AAHG at m/z 599. Fragment ions originating from crosslinked photoproducts are
annotated by blue italic numerals. Ions from laser desorption-ionization of surface material
are denoted by asterisks.
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Figure 3.3: (a) CID-MS* mass spectrum of (MH — Ny — GlyOH — CO)* m/z 461 of s-
AAHG following UVPD; (b) CID-MS? mass spectrum of (MH — N3 — GlyOH — CO)™ m/z
461 of 3-penten-1-yl-s-AAHG following CID. For ion color coding see text in Figure 3.2.
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Table 3.1: Photodissociation Conversion and Crosslink Yields

Scaffold Laser Pulses (%) UVPD Conversion® (%) Survivor Fraction® (%) Crosslink Fraction® (%)
s-AAPG 36 49 6.4 11
s-AAHG 14 43 83 7.8

* Fraction of total UVPD produced ions.
® Fraction of nondissociating (MH — N2)™ ions relative to the total photoproduct ion intensities.
¢ Fraction of photoproducts identified as originating from crosslinks.

3.3.2 CID-MS" Analysis of Crosslinked Photoproducts

The (MH — N3)™ ions resulting from diazirine photodissociation were further investigated by CID-MS"
(Figure 3.4, Table 3.2, and Table 3.3). For s-AAPG, fragment ions indicative of a cyclic peptide structure
were observed (m/z 531, Figure 3.4 (a)). These ions formed through the loss of CO (m/z 503), Ala (m/z
460), combined with water (m/z 442), and C5H19O (m/z 445). Interestingly, the loss of the C5H1¢O side
chain was not accompanied by the loss of glycine, suggesting that the side chain is conjugated to the proline
residue, as evidenced by the C5H19O-ProGly-HsOV (m/z 259) and Ala-CsH19O-ProH,O™m (m/z 273) ions.
Additionally, the spectrum displayed fragment ions consistent with non-cyclized structures, such as the m/z
359 and m/z 288 sequence ions. Notably, these ions also appeared prominently in the CID-MS? spectrum
of the AAPG-alkene byproduct (m/z 531, Figure 3.4 (b)). The internal cleavage ion from the UVPD-CID-
MS? of s-AAPG (m/z 460, corresponding to the loss of Ala) was further analyzed by its CID-MS* spectrum
(Figure 3.5), which displayed the loss of C5H1¢O (m/z 374) combined with the loss of glycine (m/z 299). As
the inverse sequence of losses (glycine followed by CsH;190) was not observed (Figure 3.5), this suggests
cross-linking via a glycine ester. Together with the other dissociations, the spectra indicate that the (MH —

N2)* ions from s-AAPG represent a mixture of linear and cyclic isomers.

The CID-MS? spectrum of the abundant survivor (MH — N3)™ ions from s-AAHG (m/z 571, Figure
3.6 (a)) showed features that indicated predominant alkene products. This was inferred from the similarity
with the CID-MS? spectrum of the authentic AAHG-pentene standard (Figure 3.6 (b)). Thus, the carbene

generated in the histidine-containing scaffold chiefly underwent a rearrangement to an alkene or alkenes.
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Figure 3.4: (a) CID-MS? mass spectrum of ions from photodissociation of s-AAPG at m/z
531, and (b) CID-MS? mass spectrum of the (M — N2) byproduct (m/z 531) from s-AAPG.
For ion color coding see text in Figure 3.2.
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Figure 3.5: CID-MS* mass spectrum of m/z 460 from UVPD of s-AAPG and loss of Ala.

Table 3.2: CID-MS* Fragments of (MH — N2)* m/z 531 from s-AAPG Following UVPD

503
—CO

460
—Ala

445
—C5H100

442
~Ala-H,0

359
—ProGlyOH

288 273

359-Ala

(AlaPro+H,0)*
C5H;00

259
(ProGly+H,0)*
C5H;00

241
ProGly*
C5H;00

173
ProGlyOH™

486
460
458

442
389
374
319
299
289
288
241
173

427
371
273
173

288

260
217

158
144
132

3.3.3 Structures of s-AAPG and s-AAHG Peptide Ions

The presence of basic residues in s-AAPG and s-AAHG suggested preferential protonation at the Pro

tertiary amide and His imidazole ring, respectively, in the gas-phase ions. Indeed, initial s-AAPG ion

structures with the proton placed at different amide groups converged to Pro-protomers upon BOMD. The

lowest Gibbs energy structures (P1-P3) displayed the same peptide pattern with the protonated tertiary

amide at Pro, forming a strong hydrogen bond with the phthalate ester carbonyl (Figure 3.7). These nearly

isoenergetic structures differed in the conformation of the diazirine-containing side chain, which influenced

the distance between the incipient carbene atom (C18) and the peptide atoms. Specifically, structure P3
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Figure 3.6: (a) CID-MS? mass spectrum of ions from photodissociation of s-AAHG at m/z
571, and (b) CID-MS? mass spectrum of m/z 571 (M + H)™ from 3-penten-1-yl-s-AAHG.
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Table 3.3: CID-MS* Fragments of (MH — Ny)* m/z 571 from s-AAHG Following UVPD

553 543 496 485 468 359 288 284 213
-H>O —-CO -GlyOH —CsH100 496-CO 496-His 359-Ala AlaHisGlyOH™ HisGlyOH™

536 468 467 451 266 195

535 359 410 450 249 138

525 382 440 209 110

510 273 424 192

508 213 423

496 195 397

478 382

467 336

320

249

exhibited very short distances between C18 and the carboxyl OH and Gly amide NH, measuring 3.58 and

4.16 A, respectively (Table 3.4).

Table 3.4: Interatomic Distances in Peptide Scaffolds of the Incipient Carbene Atom C18

to Selected Atoms

a,b

Ion COOH COOH Gly-NH Gly-NH Ala2-OH

P1
P2
P3
H1
H2
H3

5.38
7.74
3.58
10.9
10.7
7.39

5.59
7.54
3.88
11.2
10.5
7.77

4.44
6.66
4.16
8.07
9.12
5.83

3.67
6.28
4.55
7.83
9.27
6.53

5.10
4.06
4.39

4 Atoms of interest shown with bold letters.
® Based on M06-2X/6-31+G(d,p) optimized geometries.

Low-energy s-AAHG ions were all protonated at the His imidazole nitrogens. This protonation allowed
the ions to form hydrogen bonds, stabilizing the peptide chain in an extended conformation in the lowest
energy structures, H1 and H2 (Figure 3.7), while the diazirine-containing side chain remained relatively free
to move. In contrast, the higher-energy structure H3 exhibited a more tightly folded conformation due to

multiple hydrogen bonds formed between the neutral amide groups.
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H1 (0.0 kJ mol) H2 (0.7)

Figure 3.7: MO06-2X/6-31+G(d,p)-optimized structures of low-energy s-AAPG and s-
AAHG ions. 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 indicated
by double-headed blue arrows. The protonated amide groups are labeled with plus signs.
Relative Gibbs energies in kJ mol~! are from M06-2X/6-311++G(2d,p) single-point energy
calculations including B3LYP zero-point energies, enthalpies, and entropies and referring
to 310 K. Relative Gibbs energies of water-solvated ions are shown as purple italics.
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Scheme 3.2: Proposed Crosslinking Mechanism in s-AAPG Involving the Ala2 Proton.

3.3.4 Atom-Atom Contact Analysis of s-AAPG and s-AAHG Thermal Ions

Contact analysis of s-AAPG trajectories starting from structures P1 and P2 revealed key aspects of the
conformational dynamics (Figure 3.8). A significant portion of the contacts, when averaged over P1-P3,
involved the Gly-COOH (10%), Gly amide NH (24%), and Pro Ha (15%). However, the Pro-Ha contacts
were not associated with contacts involving the Pro Ce (e.g., 0% frequency at the 3.5 A limit), which would
be necessary for carbene insertion into the Pro Ca-H,, bond. A large portion of the contacts occurred with
the OH and NH protons at the protonated Ala2 amide (45% and 2.5%, respectively), potentially leading to
proton transfer to the basic carbene. The high frequency of these contacts was determined by the equilibrium
conformations of P1-P3, which were largely stabilized by the strong hydrogen bond between the Ala2-OH™
and the phthalate carbonyl (Figure 3.7), and this bond remained intact despite thermal motion at 350-640
K. Protonation of the carbene by Ala2-OH™ can initiate a subsequent nucleophilic attack by the Pro and
Gly amide or carboxyl atoms at the transient carbocation, resulting in macrocyclic ring closure (Scheme
3.2). The mechanism outlined in Scheme 3.2 aligns with the results of the crosslinking experiments and
the CID-MS? spectrum of s-AAPG, which showed a marked reduction in peptide chain dissociation at Pro.
According to the ion structures depicted in Scheme 3.2, cleavage of the susceptible tertiary peptide bond
between Ala2 and Pro in the crosslinked ion cannot lead to the elimination of Pro-Gly, as it is tethered to the
other side chain. Instead, it triggers the elimination of Ala, which is the predominant dissociation observed

in the CID-MS? spectrum (Figure 3.4(a)).
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Figure 3.8: Carbene contacts along 100 ps BOMD trajectories for s-AAPG scaffold ions
P1 at (a) 350 K, (b) 640 K; P2 at (c) 350 K, (d) 640 K; P3 at (e) 350 K, and (f) 640 K. For
equilibrium ion structures refer to Figure 3.7.
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Contact analysis of s~AAHG ion trajectories provided results consistent with the crosslinking data,
indicating a low efficiency for this peptide sequence. Figure 3.9(a) shows that conformer H1 had frequent
contacts with the His a-hydrogen; however, these were not accompanied by contacts with the His a-carbon
atom. These contacts significantly diminished at 640 K (Figure 3.9(b)). The other low-energy conformer,
H2, exhibited contacts with the Alal and Ala2 amide NH at 310 K, and these contacts were maintained
even at 640 K (Figures 3.9(b) and 3.9(d)). We note that crosslinking to the Alal and Ala2 amides would
not prevent these ions from undergoing peptide chain dissociation at the His-Gly sequence, which we used
for analyzing the CID-MS? spectrum in Figure 3.6(b). Therefore, the contact analysis may suggest a higher
yield of crosslinks in s~-AAHG than what is inferred from the interpretation of the CID-MS? spectrum. It
is noteworthy that, in contrast to the solution study!'®!, crosslinking to His in gas-phase s-AAHG did not
stand out when compared with other amino acid residues. This discrepancy can be attributed to the fact that
crosslinking yields in gas-phase ions are determined by the ions’ static and dynamic conformations, without

being influenced by solvent effects, reagent diffusion, or other factors present in the condensed phase.

3.4 Conclusions

This study expanded the investigation into the crosslinking behavior of peptide ion scaffolds containing
basic amino acid residues, namely proline and histidine. The results indicated that the introduction of
these residues significantly reduced crosslinking yields compared to hydrophobic scaffolds like those with
alanine, leucine, and glycine. The s-AAPG and s-AAHG sequences were analyzed in detail to understand
how protonation sites and peptide conformations influence carbene crosslinking.

In s-AAPG, the primary protonation site was identified as the proline tertiary amide, which, upon car-
bene formation, facilitated a nucleophilic attack leading to macrocyclic ring closure. The detailed BOMD
simulations and atom-atom contact analysis suggested that the stable hydrogen-bond network around the
proline residue governs this behavior. For s-AAHG, the protonation site was fixed at the histidine imidazole
group. While computational data indicated a higher crosslinking potential in s-AAHG than observed exper-
imentally, this discrepancy was attributed to structural constraints and dissociation behavior at the His-Gly
sequence, which were not fully captured in the experimental setup.

Overall, the findings emphasize the influence of amino acid residues with increasing basicity on crosslink-
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Figure 3.9: Carbene contacts along 100 ps BOMD trajectories for s-AAHG scaffold ions
H1 at (a) 350 K, (b) 640 K; H2 at (c) 350 K, (d) 640 K, and H3 at (e) 350 K, and (f) 640 K.
For equilibrium ion structures refer to Figure 3.7.
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ing efficiency and underscore the importance of computational simulations for predicting peptide behavior
in gas-phase environments. The integration of experimental CID-MS" data with advanced simulations pro-
vides a nuanced understanding of how scaffold structure, protonation, and peptide dynamics collectively

determine crosslinking outcomes.
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Chapter 4

Nitrile Imine Crosslinking in
Stereochemically Distinct Scaffolds of
Peptides AAAG and AAAHG in the
Gas-Phase

Reproduced in part with permission from Hongyi Zhu, Marianna Nytka, Tuan Ngoc Kim Vu, Karel Lemr,
and FrantiSek TureSek. Photochemical and Collision-Induced Cross-Linking in Stereochemically Distinct
Scaffolds of Peptides and Nitrile Imines in Gas-Phase Ions. Journal of the American Society for Mass
Spectrometry, XXXX, XXX, XXX-XXX.

Abstract. Intramolecular crosslinking between peptides and nitrile imine intermediates was studied in stere-
ochemically distinct conjugates, where the reacting components were mounted on cis-1,2-cyclohexane and
trans-1,4-cyclohexane scaffolds, referred to as 1,2-s-peptides and 1,4-s-peptides, respectively. The nitrile
imine intermediates were generated through N loss from 2,5-diaryltetrazole tags upon UV-photodissociation
at 213 and 250 nm or by collision-induced dissociation, and further analyzed by CID and UVPD-MS?. Pep-
tide fragment ion series originating from both linear structures and macrocyclic crosslinks were identified
and used to quantify the crosslinking yields. The yields in MS? varied between 27% for AAAG conjugates

and 65% for AAAHG conjugates, depending on the peptide sequence. The CID-MS? yields ranged from
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57% to 91%, also influenced by the peptide sequence. The structures of 1,2-s-peptide and 1,4-s-peptide
ions, along with several nitrile imine intermediates and crosslinked products, were investigated using high-
resolution cyclic ion mobility in combination with Born—Oppenheimer molecular dynamics and density
functional theory calculations. Matches between experimental and theoretical collision cross sections and
ion relative Gibbs energies enabled structural assignment. Peptide conjugates C-terminated with glycine
residues underwent crosslinking via the carboxyl group, as confirmed by MS? sequencing and supported by

carboxyl blocking experiments, which reduced crosslinking yields.

4.1 Introduction

The development of new reagents has been in the forefront of crosslinking studies aimed at the de-
termination of biomolecular structure by mass spectrometry.l!! In addition to photoreactive tags such as
diazirines!?!"*] and benzophenones!>"”! that can be introduced into selected amino acid residues, various
bifunctional crosslinkers have been introduced'®! and used®! that targeted lysine residues, and new varia-
tions have been proposed that were cleavable by collision-induced dissociation (CID) in tandem mass spec-
trometry analysis.[!""14] Cycloaddition reactions, such as the azide-alkyne click reaction, have expanded
the portfolio of crosslinking strategies in solution.['>l1®! The tag approach has the advantage that at least
one site of attachment is known so that the detection of crosslinks indicates the residues that are sterically
accessible to the tagged ones.

We have been pursuing a different approach in which crosslinking was achieved by photodissociation
of gas-phase peptide ions that were site-specifically tagged with diazirine groups.!!”! The main aim of these
studies has been to elucidate ion structures and determine peptide-peptide! '8! and peptide-oligonucleotide!'”!
noncovalent interactions in gas-phase complexes. Gas-phase crosslinking offers some advantages over clas-
sical solution studies. First, the reactive intermediates are distinguished and selected by mass which allows
one to quantify the crosslinking yields.?”! Second, the crosslink sites can be elucidated by tandem mass
spectrometry de novo sequencing.?!! However, similar to crosslinking in solution, gas-phase crosslinking
is a low resolution method, the chief limitation being the incomplete and peptide-dependent sequence cov-
erage. Recently, we have reported on a discovery that nitrile imines undergo photoinduced crosslinking to

peptides in conjugates that were tagged with a 2,5-diaryltetrazole group.!??! The diaryltetrazole is conve-
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Scheme 4.1: Peptide-Nitrile-Imine Conjugates with Stereochemically Distinct cis-1,2- and
trans-1,4-Cyclohexane Scaffolds.

niently attached to a suitable nucleophile in the peptide, such as the lysine e-amine,!”*! or cysteine SH.[*!
Photodissociation at 250 nm breaks up the tetrazole ring!?*! expelling Ny and creating the reactive nitrile
imine. The associated change of mass allows one to track the conversion and quantify the reaction yield.[*?]
Our previous investigation of nitrile imine crosslinking reactions has revealed that they proceeded as a
proton-catalyzed [3+2] addition to the peptide amide group that was followed by ring opening and proton
migration.[*?! In an effort to further explore nitrile imine crosslinking, we now investigate conjugates in
which peptide chains and the 2,5-diaryltetrazole moiety are mounted on cyclohexane scaffolds.!?>! This de-
sign allows us to exploit the cyclohexane stereochemistry of cis-1,2- and frans-1,4-substituents to position
the reacting moieties in a well defined steric arrangement and study its effect on crosslinking yields and

attachment sites (Scheme 4.1).

The flexible nature of the cis-1,2-cyclohexane scaffold was expected to provide unimpeded access of
the incipient nitrile imine to the peptide backbone amide and side-chain groups. In contrast, the trans-1,4-
cyclohexane scaffold was presumed to exert steric hindrance to the peptide-nitrile-imine interaction in a
fashion analogous to peptides containing 1,4-cis- and trans-cycloornithine residues.!”®! Here, we explore
these potential stereochemical effects on crosslinking with peptides containing different functional groups,

such as carboxyl, methoxycarbonyl, and imidazole that may compete in their reactions with the nitrile
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imine group.?”) First the photodissociation and collision-induced dissociation (CID) tandem mass spectra
of peptide-tetrazole conjugates with the aim of identifying the fragment ions and establishing crosslinking
yields is presented and discussed. This is followed by structure analysis of the conjugates and dissociation
products by high-resolution cyclic ion mobility mass spectrometry in combination with Born-Oppenheimer
molecular dynamics (BOMD) and density functional theory (DFT) calculations of ion structures to obtain

theoretical collision cross sections (CCS.,c) for comparison with experimental data.

4.2 Experimental Section

4.2.1 Synthetic Procedures

Unless otherwise noted, all starting materials were from (Sigma Aldrich, Fisher Chemical) and were
used as received. 'H NMR spectra were recorded on Bruker spectrometers at 300 MHz. Coupling constants
(J) are given in Hz and chemical shifts are on the J-scale. HRMS spectra were recorded on a Thermo

Orbitrap Ascend Tribrid Mass Spectrometer. Samples were introduced by flow injection into the ESI source.

4.2.2 Materials and Methods

Abbreviations Used

Fmoc: fluorenylmethyloxycarbonyl

DMF: N, N-dimethylformamide

PyBOP: (bensotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
HOBt: 1-hydroxybenzotriazole

NMM: 4-methylmorpholine

DCM: dichloromethane

TFA: trifluoroacetic acid

DCC: dicyclohexylcarbodiimide

DMAP: 4-dimethylaminopyridine

122



4.2.2.1 Synthetic Procedure for 4-(2-Phenyl-2H-tetrazol-5-yl)benzoic acid

O
This synthesis was performed following the published literature

OH
@\N’N\ procedure.!>3! 4-Formylbenzoic acid (0.75 g, 5 mmol) was dissolved in 50
mL ethanol, to which 0.86 g (25 mmol) of benzenesulfonylhydrazide was
added. The mixture was stirred for 30 min. A white precipitate was formed after adding 100 mL water and
was collected in a funnel. This precipitate was then dissolved in 30 ml pyridine to give solution A. In paral-
lel, 0.345 g (5 mmol) of NaNO, was dissolved in 2 mL of water and added dropwise to a cooled mixture of
0.465 g (5 mmol) of aniline dissolved in 8 mL of a 1:1 water-ethanol mixture and 1.3 mL of concentrated
HCI, giving solution B. Solution B was slowly added to solution A, cooled with an ice-salt bath. The re-
action mixture was then extracted 3 times with ethyl acetate. Precipitate was formed after adding 250 mL

of 3M HCI to the combined organic layers and was collected and dried to give the title compound (0.5 g,

35%): '"H NMR (300 MHz, DMSO-dg) § 8.31 (d, J = 6.0 Hz, 2H), 8.21-8.16 (m, 4H), 7.75-7.62 (m, 3H).

4.2.2.2 General Procedure for Solid Phase Peptide Synthesis

Resin containing an appropriate Fmoc protected C-terminal amino acid (50 mg, 1 equiv.) was weighed
into a 3 mL syringe. The beads were swollen with DMF for 20 min. The Fmoc protective group on the
beads was removed by 2 mL 20% piperidine in DMF after shaking for 10 min and the beads were washed
with DMF 6 times. The coupling cocktail solution for peptide chain elongation was prepared by dissolving
a Fmoc protected amino acid (3 equiv.), PyBOP (47 mg, 3 equiv.), HOBt (17 mg, 4.2 equiv) and 25 uL
NMM in 1 mL DMF. The coupling cocktail solution was injected into the syringe and shaken for 20 min for
the reaction to complete. Then the beads were washed with DMF 6 times. The Fmoc deprotection, DMF
wash, coupling, and DMF wash were repeated in each peptide alongation step until the desired peptide
sequence was obtained. After the last amino acid was added and the Fmoc group was deprotected, 4-(2-
phenyl-2H-tetrazol-5-yl)benzoic acid was coupled to the peptide N-terminus by adding a solution made by
dissolving 4-(2-phenyl-2H-tetrazol-5-yl)benzoic acid (48 mg, 6 equiv.), PyBOP (94 mg, 6 equiv.), HOBt (34
mg, 8.4 equiv) and 25 L. NMM in 1 mL DMEF, and shaking the reaction mixture overnight. Then, the beads
were washed with DMF 6 times, and washed with DCM 6 times to remove DMF. The peptide conjugate

was stripped from the resin by injecting a solution mixture of TFA:water:triethylsilane (95:2.5:2.5) twice.
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The TFA solution containing the peptide product was collected in a small glass vial and the solvent was

evaporated with air flow to give ~15 mg of the peptide conjugate product.
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The title conjugate was prepared according to the
general procedure for solid phase peptide synthesis.
HRMS (ESI) m/z calcd for C3oHyoNgO7 (M+H)™
662.3045, found 662.3041.

The title conjugate was prepared according to the
general procedure for solid phase peptide synthesis.
HRMS (ESI) m/z calcd for C3oHy9NgO7 (M+H)™
662.3045, found 662.3037.

The title conjugate was prepared according to the
general procedure for solid phase peptide synthesis.
HRMS (ESI) m/z caled for C3gHy7N120g (M+H)™
799.3634, found 799.3620.
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The title conjugate was prepared according to the
general procedure for solid phase peptide synthesis.
HRMS (ESI) m/z calcd for C3gH47N120s (M+H)™
799.3634, found 799.3608.

4.2.2.3 General Procedure for Peptide C-Terminus Methylation

2-3 mg (1 equiv.) of the corresponding peptide conjugate was added to 1 mL methanol. DCC (1 equiv.)

and DMAP (0.1 equiv.) were added to the reaction mixture and stirred overnight at room temperature. The

precipitated dicyclohexylurea was removed by centrifugation, the solution was evaporated to dryness with a

flow of nitrogen and reconstituted in aqueous methanol for electrospray ionization.

1,2-s-AAAG-OCH3

1,2-s-AAAHG-OCH;

The title conjugate was prepared according to the
general procedure for methylation. HRMS (ESI)
m/z calced for C33H42NgO7 (M+H)T 676.3202, found

676.3212.

The title conjugate was prepared according to the gen-
eral procedure for methylation. HRMS (ESI) m/z
calcd for C39H49N1208 (1\/[+H)+ 813.3791, found

813.3825.
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4.2.2.4 General Procedure for H/D Exchange

The desired peptide conjugate was dissolved in MeOD:D>O 1:1 and diluted with MeOD:D20O: CD3COOD

in a 1:1:0.01 ratio for electrospray to give the (D,, + D) ions.

[Dgl-1,2-s-AAAG
The title conjugate was prepared according to the gen-

o )\WR%N/\(O eral procedure for H/D exchange. It was character-
O

ized by MS/MS: m/z 669 ([Dg]M+D)™, 591 (b3, —

DN \N:I}l CoHD3NOy), 519 (by, -CsHgD4N2O3), 447 (by, —
T < > S N
o} N=

C6H5 C8H10D5N304).

4.2.3 Cyclic Traveling Wave Ion Mobility-Mass Spectrometry
4.2.3.1 Sample Preparation

LC-MS grade acetonitrile (ACN) and water were purchased from Fisher Chemical (Fisher Scientific,
United Kingdom). Acetic acid > 99% was obtained from Sigma Aldrich (Prague, Czech Republic). Poly-
DL-alanine was purchased from Sigma Aldrich (Prague, Czech Republic).

Solid samples were dissolved in ACN/H20 (50/50) to prepare stock solutions with the following con-
centrations: 2 mg/mL for 1,2-s-AAAG; 2 mg/mL for 1,4-s-AAAG; 2 mg/mL for 1,2-s-AAAHG:; 2.37
mg/mL for 1,4-s-AAAHG.

The stock solutions were diluted to 1 mg/mL in ACN/H20 (50:50) and then diluted to a working
concentration of 1 pug/mL in ACN/H20 (1:1) with 1% acetic acid. The stock solution of polyalanine (1
mg/ml in ACN/H20 (50/50)) was diluted to 2 pg/mL in ACN/H20 (50/50) with 0.1% of formic acid. The

calibrant was prepared in duplicate (one data acquisition for each ion).

4.2.3.2 ESI Conditions

The instrument parameters were as follows: capillary voltage 2 kV; cone voltage 10 V; source offset 10

V; source temperature 100 °C; desolvation temperature 280 °C; cone gas flow 30 L/h; desolvation gas flow
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600 L/h; trap 6 V; transfer 4 V; stepwave body gradient 20 V; ion guide TW pulse height 0.4 V; trap TW
pulse height 4 V; trap entrance 2 V; trap bias 2 V; trap DC -4 V; post trap gradient 3 V; post trap bias 35 V;
4 TOF pushes per bin for [M+H]™" and for [M+H-N5]*. The precursor ion was isolated by the quadrupole
and fragmented in the trap (45V) to knock off Ns.

Table 4.1: cIMS conditions for 1 pass separation experiments for [M+H]™ and for [M+H-
Ns]™ in the brackets

Traveling Sequence
Wave Parameters Parameter Inject  Separate Eject z-lnd
Acquire
Cyclie TW Velocity 375 Time 10 2 Automatic
(m/s)
Array TW Velocity Pre Array
(m/s) 375 Gradiant 85 85 85
TW Static Height (V) (12) Pre Array Bias 70 70 70
TW Start Height (V) (12) Array Entrance 10 30 50
TW Limit Height (V) 35 Wave Height 2 0 25
TW Ramping Rate (V/ms) 2.5 Array Offset 45 70 45
Array Mode Forward Sideways Forward Eject
Array Exit 50 30 2
Post Array
Gradient 35 35 35
Post Array Bias 10 10 10

4.2.3.3 CCS Calibration

Calibrant arrival times (#4-) as well as analytes corresponding to peak maxima were obtained from
one and two pass experiments (98 and 196 cm path length). Arrival time is the value that includes injection
time (time needed for ions to arrive on the T-Wave array), drift time (time that ions spend inside the mobility
cell), and dead time ( time the ions exit the mobility cell to reach the detector).

The calibration and analytes drift times were calculated as f; = f4,-(two passes) — t4, (one pass). The
dead time was g = t4,-(one pass) — t4. For determining CCS values, the drift times of analytes (z4(analyte) =

tqrr(analyte) — tg (an average of 6 measurements)) were divided by the number of passes. Peak maxima were
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Table 4.2: Separation Time for Multipass Measurements for Different Analytes

Precursor Ion Number of Passes Separation Time (ms)
1,2-s-AAAG
M + H)t (m/z 662.4) 20 430
1,4-s-AAAG
M + H)* (m/z 662.4) 15 360
1,2-s-AAAHG A 00
(M +H)* (m/z799.4)
1,2-s-AAAHG A 00
(M +H-N2)" (m/z771.4)
1,4-s-AAAHG
M + H)™ (m/z 799.4) 15 453
1,4-s-AAAHG A o

(M + H = No)* (m/z 771.4)

detected by DriftScope 2.9. An Excel file, provided by Waters Corp. ((©) Johanna Hofmann, Kevin Pagel,
Fritz-Haber-Institute of the Max-Planck-Society, Berlin, Germany), was used to determine CCS values. A
calibration curve was constructed by plotting In(CCS’, A2 ) vs. In(ty) (y = 0.4419X + 5.8235, R2=0.9999,
containing 16 points), where CCS’ is the collision cross section corrected for ion charge and reduced mass
of ion and drift gas (nitrogen); 74 is a corrected drift time for m/z dependent flight time (depends on the

Enhanced Duty Cycle (ECD) delay coefficient, which was 1.50 ms for our experiments: fg = t4 anaiyte —

0.001 * EDC delay coefficient * \/m/Zanalyte-

Table 4.3: Ions Used for CCS Calibration

m/z z Mol. Mass (Da) PTCCSy, (A?)

37420 1 373.20 180.30
44524 1 444.20 194.80
516.28 1 515.30 209.70
587.32 1 586.30 226.20
658.35 1 657.40 239.90
72939 1 728.40 252.50
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(Continued)

m/z  z Mol. Mass (Da) P7TCCSy, (A?)

800.43 1 799.40 265.70
871.46 1 870.50 278.50

4.2.3.4 CCS Calibration for Slicing Experiments

Each calibrant ion was sent to 4 passes, sliced, and then sent to 1 and 2 pass experiments in order to
calculate the CCS values of analytes after the slicing experiment the same way as described above.

Table 4.4: cIMS Conditions for Slicing Measurements of Polyalanine Ions?!

m/z m/z m/z m/z m/z m/z m/z m/z
37420 44524 51628  587.32 65835 72939 80043  871.46
Inject 10 10 10 10 10 10 10 10
Separate 32 40 45 40 64 70 80 90
Eject 474 4.04 7.92 7.83 8.52 11.06 12.66 14.10
Eject to 3.59 5.13 5.88 4.89 10.81 10.72 9.17 14.80
Pre-Store
Hold and 18.74 19.73 315 23.82 31.79 24.77 19.98 18.98
Eject
Reinject from 3 3 3 3 3 3 3 3
Pre-Store
Separate 2(12) 2(16) 2(18) 2(20) 2(30) 2(30) 2(30) 2(30)

* The first separate indicates 4 pass experiment and the second indicates 1 (2) pass experiment.

4.2.4 Accurate Mass Measurements and Assignments

Table 4.5: Accurate Mass Measurements of UVPD-MS? of (1,2-s-AAAG + H)T Ions

Error
Ion Formula Neutral Loss  Ion Assignment

(mmu)

m/z

662.3041 C32H49NgO7 -0.4
634.2981 Cs32H40N707 -0.3 Ny
616.2874 C32H33N7Og -0.4 H>N2O —N2-H20
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(Continued)

m/z Ion Formula Brror Neutral Loss  Ion Assignment
(mmu)

589.2766 C31H37N7Og -0.3 CH3N30 —N3—CO-NH3
587.2721 C3¢H35N5O05 -0.4 CoH5NO by
5772765 C30H37NgOg -0.4 CyH3N30 —No—[Gly] (84)
559.2660 C3pH35NgOs5 -0.3 CyH5N30, —No-GlyOH
543.2558 Co6H3s5NgO7 -0.4 CsHsNj3 —No—CgHsN
516.2351 Cy7H39N70O4 -0.3 C5H19N203 bs
506.2394  Cy7H32N505 -0.4 CsHgN4O2  m/z 577-[Ala] (B3)
488.2290 Co7H3gN504 -0.2 CsH1oN4O3 m/z 559-[Ala]
468.2239 Cgo4H39N505 -0.2 CsH1gN4O9 m/z 543-GlyOH
445.1980 Co4H25NgO3 -0.3 CsH15N3504 ba
4352024 Co4H27N4Oy4 -0.3 CsH13N503  m/z 506—[Ala] (32)
417.1920 Cy4H25N403 -0.1 CsH15N504 m/z 488—[Ala]
414.2345 C18H39N50¢ -0.2 C14HgN,4O V5
397.1868 Ca1Ho5N4Oy4 -0.2 C11H15N503 m/z7 468—-[Ala]
374.1610 Cy1H29N502 -0.2 C11H29N4O5 by
364.1654 Cy1H29N303 -0.2 C11H18NgOy  m/z 435-[Ala] (81)
346.1548 Co1HooN309 -0.2 C11HooNgO5 m/z 417-[Ala]
326.1497 Cy13H29N303 -0.2 C14H20NgOy4  m/z 417-CgHsN
309.1556 Cy14H21N4O4 -0.1 C1gH19N503
289.1506 C11H21N4O5 -0.04 C21H19N509 V4
271.1400 Cy11H19N4Oy4 -0.1 C31H21N503 m/z 289-Hs0
255.1127 Cy5H15N209 -0.1 C17H25N7O5 m/z 326—[Ala]
234.1236 C19H16N309 -0.1 Co0H24NgO5
221.0709  Cy4HgN-2O -0.04 Ci1gH31N7O¢  m/z 346-C7H11NO
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193.0647

C14H9O

-0.1

Table 4.6: Accurate Mass Measurements of CID-MS? of (1,2-s-AAAG + H)™ Tons

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
662.3041 C32H49NgO7 -0.4
587.2718 C30H35N805 -0.7 C2H5N02 by
516.2347 Ca7H39N7Oy4 -0.7 C5H10N203 b3
445.1979  Cg94Ha5NgO3 -0.4 CHgH;5N304 by

Table 4.7: Accurate Mass Measurements of CID-MS? of Ton (1,2-s-AAAG + H — Ny)T

(m/z 634) Generated by UVPD of (1,2-s-AAAG + H)™

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

634.2976  C32H40N7O7 -0.8
616.2872 C39H33N7Og -0.6 H>0
606.3028 C31H40N7Og -0.7 CcO
589.2763 C31H37NgOg -0.6 CH3NO
577.2761 C39H37NgOg -0.8 CoH3NO —[Gly] (B4)
563.2607 Ca9H35NgOg -0.6 C3H;NO —[Ala]
559.2656 C39H35NgOs5 -0.7 CyH5NO2 by
518.2392  CygH39N505 -0.6 C4HgN2Oo m/z 589—[Gly]
509.2136  Ca5H29NgOg -0.7 C7H;;NO
506.2391 Cy7H33N505 -0.7 C5HgN2Oo —[GlyAla] (B3)
492.2236 CogH3gN505 -0.5 CgH19N2Oo m/z 563—-[Ala]
488.2287 Ca7H39N504 -0.5 C5H10N203 b3
4352021 Co4H27N4Oy4 -0.6 CsH13N303 —[GlyAlaAla] (52)
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(Continued)

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
417.1918 Co4Ho5N4 03 -0.3 CgHi5N304 ba
364.1652 C21H22N303 -04 C11H18N4O4 —[GlyAlaAlaAla] (ﬂl)
271.1399 C11H19N4Oy -0.2 C21H21N303
228.0977 CgH14N304 -0.2 Ca3Ho6N4 O3

Table 4.8: Accurate Mass Measurements of CID-MS? of (1,2-s-AAAG-OCH3 + H)* Ions

Error
m/z Ion Formula Neutral Loss Ion Assignment

(mmu)

676.3227 C33H42NgO7 25

658.3124  C33H3pNgOg 2.8 H»>O

587.2741 C3pH35NgOs 1.6 C3H7NO2 by
516.2371 Ca7H39N7O4 1.7 CsH12N203 b3
445.1998 Co4H25NgO3 1.5 CoH17N304 ba
374.1626  Ca1HoN502 1.5 C12H22N4 05 by

Table 4.9: Accurate Mass Measurements of UVPD-MS? of (1,2-s-AAAG-OCH3 + H)*
Tons

Error
m/z Ion Formula Neutral Loss Ion Assignment

(mmu)

676.3212  C33H42NgO7 1.0

648.3157 Cs3H42N7O7 1.7 Ny
587.2735 C3pH35NgO5 1.0 C3H7NO2 by
559.2672 C30H35Ng05 0.9 C3H7N30O2 -Ny—-GlyOCHj3
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

516.2363 Ca7H39N7Oy4 0.9 CgH12N203 bs
488.2302 Co7H39N504 1.0 CgH12N4O3 m/z 559-[Ala]
468.2250 C24H39N505 0.9 CoH12N409 m/z 559-CgHsN
445.1990 Cg4H25NgO03 0.7 CoH17N304 ba
4282511 Cy19H34N50¢ 0.7 C14HgN,O V5
417.1929 Co4H25N4 053 0.8 CoH17N504 m/z 488—[Ala]
397.1877 Cy1Ha5N404 0.7 C12H17N503 m/z 468—[Ala]
374.1618 Cy1HygN502 0.6 C12H29N4O5 b1
346.1556  C31H29N302 0.6 C12H22NgO5 m/z 417-[Ala]
339.2033 CyH27N4Oy4 0.6 C17Hi15N503 C7H;11NO[AlaAlaAla]
326.1504 Cy13H29N303 0.5 C15H22NgOy4 m/z 417-CgHsN
305.1614 Cy5H21N4O3 0.6 C18H21N504
303.1670 C12H23N4O5 0.7 C21H19N509 V4
294.1818 C15H24N303 0.6 C18H18NgO4 m/z 339-NH3-CO
288.1349 Cy5H13N303 0.6 C18H24NgOy4 m/z 305-NHj3
268.1662 C13H29N303 0.6 C20H29NgOy4 C;H;1NOJ[AlaAla]
255.1134  Cy15H15N209 0.6 C18H27N7O5 m/z 326—[Ala]
234.1242  C192H16N309 0.5 C21HoNgOs5 m/z 305—[Ala]
221.0714  C14HgN-2O 0.5 C19H33N~Og m/z 346-C7H11NO
197.1288 C19H17N2O9 0.3 Ca3HosN7O5 C7H11NO[Ala]
193.0652 C14HyO 0.4 C19H33NgOg m/z 221-Ng
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Table 4.10: Accurate Mass Measurements of CID-MS? of (1,2-s-AAAG-OCH3 + H—Ny)*
Generated by UVPD of (1,2-s-AAAG-OCH3 + H)*

m/z Ion Formula frror Neutral Loss Ion Assignment
(mmu)

648.3149 Cs3Hy4oN70O7 0.9
630.3041 C33H40N7Og 0.6 H>0
620.3198 C32H4oN7Og 0.7 CcO
604.3249  C39H4oN7O5 0.7 CO,
577.2775 C39H37NgOg 0.6 C3H;NO —[HN=CHCOCH3] (84)
559.2669 Cj39H35NgO05 0.6 C3H7NO-2 by
539.2619 Ca7H35Ng0¢ 0.6 CgH7NO -CgH5N-H20
506.2402 Cy7H32N505 0.4 CsH19N202 —[AlaC3H5NO] (53)
488.2297 Co7H39N504 0.5 CgH12N203 bs
435.2031 Co4Ho7N4Oy4 0.4 CoH15N303 —[AlaAlaCsH5NO] (52)
428.2507 Cy19H34N50¢ 0.3 C14HgN>O V5
417.1927 Co4H9sN4 O3 0.6 CoH17N304 bo
397.1875 Cy1H25N404 0.5 C12H17N303 bs—CgHsN
364.1660 Cy1H29N303 0.4 Ci12H29N4O4 —[AlaAlaAlaC3H5NO] (51)
346.1554 Cy1Ho9N302 0.4 C12H29N4O5 b1
326.1503 Cy3H29N303 0.4 C15H22N4Oy4 ba—CgHsN
305.1612 Cy5H21N4O3 0.4 C18H21N304
285.1562 C12H21N4Oy4 0.5 C31H21N303
255.1132  C15H15N204 0.4 C18H27N505 b1—CgHsN
242.1139 Cy1oH1N304 0.4 Ca3Ha6N4O3
234.1241 C12H16N309 0.4 C21Ho6N4O5

134



Table 4.11: Accurate Mass Measurements of UVPD-MS? of (1,4-s-AAAG + H)™ Ions

m/z Ion Formula Error (mmu) Neutral Loss Ion Assignment
662.3014 CsoHyoNgO7 -3.1
634.2973  C32H49N7O7 -1.1 No
616.2867 C392H3sN7Og -1.1 HaN2O —Nso-H50
587.2715 C3gH35NgO5 -1.0 CyH5NO> by
577.2758 C30H37NgOg -1.1 CyH3N30 —No—[Gly]
559.2653 C3gH35NgO5 -1.0 C2HsN30, —N9-GlyOH
551.3275 Cs2H39NgO
533.9087
516.2345 Co7H3oN7Oy4 -0.9 CsH19N2O3 bs
506.2389  Ca7H32N505 -0.9 C5HgN4O, m/z 577-[Ala]
495.2650
492.2233  CogH3gN505 -0.8 CsH19N4Oo —No-2[Ala]
488.2285 Co7H39N504 -0.7 C5H9N4O3 m/z 559—[Ala]
468.2233  C94H39N505 -0.8 CsH1gN4Oo m/z 559-CgHsN
461.2175 CogHg9N4Oy4 -0.8 CsH11N503 m/z 506-NH3-CO
445.1975 Cgo4Ho5NgO3 -0.8 CsH15N3504 by
4352019 C94Ha7N4Oy4 -0.8 CgHi3N503 m/z 506—[Ala]
417.1975 Cg4H25N403 5.4 CgHi5N504 m/z 488—[Ala]
407.2071 Ca3Ha7N4O3 -0.7 CoH13N504 m/z 435-CO
397.1864 Cy1H25N404 -0.6 C11H15N503 m/z 468—[Ala]
390.1806 Ca3Ho4N303 -0.6 CoH14NgOy m/z 461-[Ala]
383.1401
364.1650 Cy1H92N303 -0.6 C11H18NgOy4 m/z 435-[Ala]
346.1545 Cy1H9N309 -0.5 C11HoNgO5 m/z 417-[Ala]
336.1701 CgpH22N309 -0.6 C12H18NgO5 m/z 407-[Ala]
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(Continued)

m/z Ion Formula Error (mmu) Neutral Loss Ion Assignment
327.0776
309.1553 Cy14H21N40O4 -0.4 C1sH19N503
251.0464
239.0812 Cy14H11N209 -0.3 C18H29N7O5
238.1183 C;11H16N303 -0.3 C21H24NgOy4 m/z 309-[Ala]
234.1234 C12H16N309 -0.3 C20H24NgO5
221.0706  C14HgN2O -0.3 CisH31N7O¢  m/z 417-[Ala]-C7H;;NO
218.1132  CgH1gN304 -0.3 C24H24NgO3 v3
200.1027 CgH14N303 -0.3 Co4HosNgOy m/z 218-Hs0

Table 4.12: Accurate Mass Measurements of CID-MS? of (1,4-s-AAAG + H)* Tons

m/z Ion Formula Error (mmu) Neutral Loss Ion Assignment
662.3037 C32H40NgO7 -0.8
587.2710 C39pH35NgO5 -1.5 CoH5NO9 by
516.2345 Cy7H39N7Oy4 -0.9 C5H10N203 bs

Table 4.13: Accurate Mass Measurements of CID-MS? of Ion (1,4-s-AAAG + H — Ny)*
Generated by UVPD of (1,4-s-AAAG + H)*

m/z Ion Formula Error (mmu) Neutral Loss Ion Assignment
m/z 634.2968 C32H49N7O7 -1.6
m/z 616.2863 C33H3sN7Og -1.5 H20
m/z 606.3019  C31H40N7Og -1.6 CO
m/z 589.2754  C31H37NgOg -1.5 CH3NO -NH3-CO
m/z 577.2755 C3pH37NgOg -1.4 CyH3NO —[Gly] (B4)
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(Continued)

m/z Ion Formula Error (mmu) Neutral Loss Ion Assignment
m/z 559.2649 C3pH35NgOs5 -1.4 CoH5NOo by
m/z 506.2385 Ca7H32N505 -1.3 C5HgN2 O, —[AlaGly] (B3)
m/z 492.2229  CygH3gN505 -1.2 CgH19N2Oo —2[Ala]
m/z 488.2280 Cy7H39N504 -1.2 CsH19N2O3 bs
m/z 461.2172 CygHogN4Oy -1.1 CsH11N303  m/z 506-NH3-CO
m/z 435.2016  Co4H27N4Oy -1.1 CsHi3N303  —[AlaAlaGly] (B2)
m/z 381.1913  Cy1H25N403 -0.8 C11H15N3504
m/z 364.1647 Cg1H29N303 -0.9 C11H18N4Oy4 m/z 381-NHj3
m/z 336.1698 CogH2oN304 -0.9 C12H18N4Os  m/z 461-CgH7NO2
m/z 254.1130 C11H16N304 -0.5 C21H24N4 O3
m/z 228.0974  CgH14N304 -0.5 Ca3HogN4O3
m/z 200.1025 CgH14N303 -0.5 Co4HosN4Oy m/z 228-CO

Table 4.14: Accurate Mass Measurements of CID-MS? of (1,2-s-AAAHG + H)*

m/z Ion Formula Frror Neutral Loss Ion Assignment
(mmu)

799.3619 C3sH47N120g -1.5
771.3550 C33H47N19Og 2.3 Ny
753.3455 C33Hy5N19O7 -1.2 HaN-2O —Ny-H50
743.3616  C37H47N19O7 -0.8 CN2O —No—CO
724.3313  C36H42N71106 -0.1 CyH5NO2 bs
7143352  C36Hg4NgO7 -0.6 C2H3N30 —No—[Gly]
696.3227 C36H40NgOg -2.6 CoHsN30, —No-GlyOH
666.3113  C32H42NgOs -0.7 CgHsNy
605.2824  C30H37NgOg -0.7 CgHi9oN4Oo 696—-CsHsN
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

587.2719  C3pHs5Ng0s5 -0.6 CsH12N4O3 by
577.2759  C30H37NgOg -1.0 CgHi9NgOo —No—[HisGly]
516.2348  Cy7H30N704 -0.6 C11H17N504 b3
506.2391 Cy7H32N505 -0.7 C11H15N703 —No—[AlaHisGly]
445.1978  Co4H25NgO3 -0.5 C14H29NgO5 bo
4352022 C4H27N4Oy4 -0.5 C14HooNgO4 —No—[AlaAlaHisGly]
426.2091 Cy17H2gN7Og -0.5 C21H19N509 Vs
408.1986  C17H96N7O5 -0.4 C21H21N503 426-H>0
374.1608 Cy1HoN502 -0.4 C17H27N7O¢ by
364.1652 Cy1H22N303 -0.4 C17H25NgO5 435-[Ala]
355.1720  C14H23NgOs5 -0.4 C24H24NgO3 V4
337.1616  C14H21NgO4 -0.3 C24H26NgOy 355-H,0
284.1351 Cy1H18N504 -0.2 Co7H29N7 Oy V3
266.1246  C11H16N503 -0.2 Co7H31N7O5 284-H,0

Table 4.15: Accurate Mass Measurements of UVPD-MS? of (1,2-s-AAAHG + H)*

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

799.3620 C33H47N120g -14
771.3559 C3sH47N19Og -1.4 Ny
753.3454 Cs33H45N1907 -1.3 HaN>O —No—H>0
743.3613 Cs37Hy47N19O7 -1.1 CN2O -N9-CO
714.3347  C3H44NgO7 -1.1 CyH3N30 —No—[Gly]
696.3237  C3H42N9Og -1.6 C2H5N30, -No-GlyOH
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

680.3139  C32H42NgOsg -1.2 CgHsN3 —No—CgHsN
666.3112  C32H49NgOs -0.8 CgHsNy
605.2821  C3pH37N3Og -1.0 CsH19N4O9 696—CsHsN
5772757 C3pH37NgOg -1.2 CsH19NgO2 —Nsy—[HisGly]
518.2391 CagH32N505 -0.7 C10H15N703
506.2390 Cy7H32N505 -0.8 C11Hi15N703 —Ny—[AlaHisGly]
468.2234  Cgo4H39N505 -0.7 C14H17N7O3
446.2139  CogH2gN7O5 -0.7 C1gH19N503
4352020 Cgo4Ho7N4Oy4 -0.7 C14H20NgOy4 —Ns-[AlaAlaHisGly]
426.2089 C17HogN7Og -0.7 C21H19N509 Vs
408.1984 C;17H26N7O5 -0.6 C21H21N503 m/z 426-H50
397.1865 Ca1Ha5N404 -0.5 C17H2oNgO0y m/z 468—[Ala]
375.1770  C17H23NgOy4 -0.5 C21H24NgOy4 m/z 446—[Ala]
364.1651 Cy1H92N303 -0.5 C17H25NgO5  —No—[AlaAlaAlaHisGly]
355.1720 C14H23NgOs5 -0.4 C24H24NgO3 V4
337.1614 C14H21NgOy4 -0.5 C24H26NgOy y4—H20
326.1494  C18Hy9N303 -0.5 Co9Ha7NgO5 m/z 468—[AlaAla]
304.1400 C14H;18N503 -0.4 Ca4H29N7O5 m/z 446—[AlaAla]
294.1193  Cy2H16N504 -0.4 Co6H31N7Oy4
284.1350 C11H18N504 -0.3 Ca7H29N70Oy4 y3
266.1244  C11H16N503 -0.4 Ca7H31N7O5 m/z 284-H50
255.1125 Cy5H15N209 -0.3 Ca3H32N100¢6 m/z 468—[AlaAlaAla]
249.0979  C11H13N4O3 -0.3 Ca7H34NgO5 m/z 266-NH3z
223.0823  CgoH;1N4O3 -0.3 Ca9H36NgOs5 m/z 294—[Ala]
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Table 4.16: Accurate Mass Measurements of CID-MS? of ion (1,2-s-AAAHG + H — Ny)*
Generated by CID of (1,2-s-AAAHG + H)™

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

771.3551 C33H47N1(Og 2.2
753.3443  C33H45N1907 2.4 H>O
743.3606 Cs37H47N19O7 -1.8 CcO
726.3343  C37H4NgO7 -1.5 CH3NO —CO-NH;
714.3340  C34H44NgO7 -1.8 C2H3NO —[Gly] (B5)
696.3239  C36H42N9Og -1.4 C2H5NO9 bs
686.3394  C35H44NgOg -1.5 C3sH3NO9 m/z 7114-CO
666.3108 C39H42NgOs -1.2 CgHsNo
629.2820 C39H37NgOg -1.1 CgH10N209 —[AlaAla]
605.2817 C30H37NgOg -1.4 CsH1oN2O2 m/z 696-CgHsN
577.2754  C39H37NgOg -1.5 CsH19oN4O- m/z T14—[His]
534.2659 Cy4H36N7O~ -1.2 C14H11N30
506.2385 Ca7H32N505 -1.3 C11H15N503 m/z 714—[AlaHis]
4352016  Co4H27N4Oy4 -1.1 C14H20NgO4 m/z 714—[AlaAlaHis]
408.1981 C17H26N705 -0.9 C21H21N303 y5—H20
364.1648 Cy1H22N303 -0.8 Ci17Ho5N7O5  m/z 714-[AlaAlaAlaHis]
337.1611 Ci4H21NgOy4 -0.8 Ca4H26N4Oy4 y4—H20
294.1191 Cy2H14N504 -0.6 Co6H31N504
266.1242  C11H1N503 -0.6 Ca7H31N505 y4—H20
248.1137 C11H14N509 -0.5 Ca7H33N506 m/z 266-H20
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Table 4.17: Accurate Mass Measurements of CID-MS? of ion (1,2-s-AAAHG + H — Ny)*

Generated by UVPD of (1,2-s-AAAHG + H)™

m/z Ion Formula Frror Neutral Loss Ion Assignment
(mmu)

771.3551 C38H47N19Og 2.2
753.3444  Cs33H45N19O7 -2.3 H>0O
743.3604 C37Hy47N19O7 -2.0 CO
7243184 Cs37H42NgO7 -1.8 CH;5;NO
714.3340  C36H44NoO7 -1.8 CyH3NO —[Gly] (Bs5)
696.3236  C36H42NgOg -1.7 CoH5NO2 bs
686.3393  C35H44NgOg -1.6 C3H3NO9 m/z 7114-CO
666.3105 C32H42N5O0s -1.5 CgHsNo
605.2817 C30H37NgOg -1.4 CgH19N2O2 m/z 696-CgHsN
577.2754  C30H37NgOg -1.5 CgH1oN4O2 —[HisGly] (54)
534.2658 Ca4H36N7O7 -1.3 C14H11N30
506.2385 Co7H32N505 -1.3 C11H15N503 —[AlaHisGly] (53)
435.2016  Co4Ho7N4Oy4 -1.1 C14Ho9NgOy —[AlaAlaHisGly] (52)
408.1981 C17Hg6N7O5 -0.9 C21H21N303 y5—H20
364.1647 Cy1H22N303 -0.9 C17H25N705 —[AlaAlaAlaHisGly] (1)
337.1611 Cy14H21NgOy -0.8 Ca4H26N40Oy4 y4—H20
2941191 C19H1gN504 -0.6 Ca6H31N504
266.1242  C11H16N503 -0.6 Cy7H31N505 ys—H20
249.0977 C11H13N4O3 -0.5 Ca7H34NgOs5 m/z 266-NH3z
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Table 4.18: Accurate Mass Measurements of UVPD-MS? of ion (1,2-s-AAAHG + H —
N5)™ Generated by CID of (1,2-s-AAAHG + H)™"

m/z Ion Formula Frror Neutral Loss Ion Assignment
(mmu)

771.3555 C38H47N19Og -1.8
753.3450 C33H45N1907 -1.7 H>0O
743.3610 C37Hy47N19O7 -1.4 CO
714.3343  C36Hy4NgO7 -1.5 CoH3NO —[Gly] (B5)
696.3240  C36H42NgOg -1.3 C2H5NO2 bs
686.3396  C35H44NgOg -1.3 C3H3NO2 m/z 7114-CO
682.3084  C35H49NgOg -1.2 C3sH7NO2 —[Ala]-H>O
668.3292  C35H42NgOs5 -1.1 C3H5NO3 m/z 696—CO
666.3107 C32H4oNgOg -1.3 CgHsNa
636.3002 C31H49N3O7 -1.2 C7H7N-2O
605.2820 C3pH37NgOg -1.1 CsH19N202 m/z 696-CgHsN
577.2756  C30H37NgOg -1.3 CgH19N4O2 —[HisGly] (84)
518.2388 Cy3H32N505 -1.0 C10H15N503
506.2387 Ca7H32N505 -1.1 C11H15N503 —[AlaHisGly] (83)
488.2282  CorH3oN504 -1.0 C11H17N504 b3
468.2231 Cg4H39N505 -1.0 C14H17N503 m/z 605—[His]
4472019 Cgo5Ha7N4Oy4 -0.8 C13H20NgOy4 m/z 518—[Ala]
435.2017 Co4H27N4Oy4 -1.0 C14H90NgO4 —[AlaAlaHisGly] (82)
408.1982  C;17Hg6N7O5 -0.8 C21H21N303 y5—H20
397.1863 Ca1Ha5N404 -0.7 C17H2oNgOy4 m/z 605-[AlaHis]
376.1649  Cy2H2oN303 -0.7 C16H25N705 m/z 518—[AlaAla]
364.1649 Cy1H22N303 -0.7 C17Ho5N705  —[AlaAlaAlaHisGly] (81)
337.1612 C14H21NgOy4 -0.7 C24H26N4Oy4 y3—H20
326.1494 Cy18HyoN303 -0.5 Co9H27N7O5 m/z 605-[AlaAlaHis]
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(Continued)

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
294.1192 C12H16N504 -0.5 C26H31N504
266.1243  C;11H16N503 -0.5 Co7H31N505 ys—H20
255.1124 C15H15N2 02 -04 C23H32N806 m/z 605—[A13A13A1&Hi8]
249.0978 Ci1H13N403 -0.4 Ca7H34NgO5 m/z 266-NHs
223.0822  CgH;1N4O3 -0.4 Cao9gH36NgO5 m/z 294—[Ala]

Table 4.19: Accurate Mass Measurements of CID-MS? of (1,2-s-AAAHG-OCH; + H)*

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

813.3831 C39H49N;20sg 4.0
785.3761 C39H49N1¢Og 3.2 Ny
767.3674 C39H47N19O7 5.0 HaN>O —No—H>0
724.3354  C36H42N1106 4.0 C3H7NO2 bs
696.3291  C36H42NgOg 3.8 C3H7N30- b5—Ny
680.3314  C33H44N35Osg 3.7 CgHsNy
668.3347  C35H42NgOs5 4.4 C4H7N303 m/z 696-CO
652.3391  C35H42NgOy4 3.7 C4H7N304 m/z 696—COq
587.2767 CsgH35NgOs5 4.2 CoH14N4O3 by
559.2704  C3pH35NgOs5 4.1 CoH14NgO3 bs—Ny
516.2394  Co7H30N7Oy4 4.0 C12H19N504 b3
488.2337 Cao7H39N504 4.5 C12H19N704 b3—Njy
440.2291 Cy1gH39N7Og 3.9 C21H19N509 Vs
417.1958 Cao4H25N403 3.7 C15H24NgOs5 ba—Ny
369.1912  Cy5H25NgO5 3.1 Ca4H24NgO3 V4
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(Continued)

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
346.1581 Co1Hy9N3Oo 3.1 C18H29NgOg b1—Na
318.1589  Cy5H9N503 2.8 C24Ho9N7O5
298.1537 C12H20N504 2.7 C27H29N704 y3

Table 4.20: Accurate Mass Measurements of UVPD-MS? of (1,2-s-AAAHG-OCHj3 + H)*

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

813.3825 C39Hy9N120s 3.4
785.3763 C39H49N1¢Osg 34 Ny
696.3284  C35H42NgOg 3.1 C3H7N30- b5—Ny
694.3340  C33Hy44NgOg 33 CgHsN3 —No—CgHsN
680.3309 Cj33H44N35Osg 3.2 CgHsNy
668.3336  C35H42NgOs5 33 C4H7N303 b5—N2—CO
652.3370  C35H429NgOy4 1.6 C4H7N304 b5—N2—COq
605.2861 Cj3pH37NgOg 3.0 CoH12N4 02 b5—Ny—CgHsN
591.2828 C3pH37N7Og 2.8 CoH12N502
587.2762  Cj3pHs5NgO5 3.7 CoH14N4O3 m/z 605-Hs0
5772910  Ca9H37NgOs5 2.9 C10H12N403 m/z 605-CO
564.2952  Cq9H3gN;O5 2.3 C10H11N503
563.2869 Cao9H37N7O5 1.8 C10H12N503
559.2690 C3pH35NgO5 2.7 CoH14NgO3 bs—Ny
531.2701 Ca9H35NgOy4 -1.3 C10H14NgOy4 by—N2—CO
516.2377 Co7H39N7Oy4 2.3 C12H19N504  m/z 587-[Ala]
488.2316  Co7H39N504 2.4 C12H19N70Oy4 b3—Njy
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

460.2325 CgH39N503 -1.8 C13H19N7O5 b3—N2—CO
417.1945 Co4H25N403 24 C15H24NgO5 ba—Ny
397.1893  Cy1Ha5N404 2.3 C1gH24NgOy4  b3—No—CgHsN
389.1954  Cy3H25N40- -1.8 C16H24NgOg ba—N2—CO
369.1902 Cy5Ha5NgOs5 2.1 C24H24NgO3 V4
346.1570  Cy1HoN309 2.0 C18H29NgOg b1—-Ny
326.1519  Cy3H90N303 2.0 Co1Ho9NgOs  m/z 397-[Ala]
318.1579  Cy15H9N503 1.8 Co4Ha9N7O5
298.1527 Cy2H20N504 1.7 Ca7H29N70Oy4 y3
263.1155 Cy2H15N403 1.6 Ca7H34NgO5 y3—NH3-H20
255.1143  Cy5H15N20- 1.5 Co4H34N10O0¢  m/z 326—[Ala]
227.1151  CgHy5N4O03 1.2 C30H34NgOs5 Y2

Table 4.21: Accurate Mass Measurements of UVPD-MS? of ion (1,2-s-AAAHG-OCH3 +
H —N3)* Generated by CID of (1,2-s-AAAHG-OCH3 + H)™

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

785.3760 C39H49N19Og 3.1
767.3656 C39H47N19O7 32 H2O
696.3290  C36H42NgOg 3.7 C3H7NO2 bs
680.3315  C33H44NgOsg 3.8 CsHsNy
668.3347  C35H42NgOs5 44 C4H7NO3 bs—CO
652.3391  C35H42NgOy4 3.7 C4H7NO4 b5—CO2
559.2699  C3oH35NgOs5 3.6 CoH14N4O3 by
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

531.2709  Ca9H35NgOy4 -0.5 C10H14N4Oy4 by—CO
488.2324  Co7H39N504 3.2 C12H19N504 b3
460.2332  CyH39N503 -1.1 C13H19N505 b3s—CO
440.2280 C1gH39N7Og 2.8 C31H19N309 Vs
417.1948 Co4H25N403 2.7 C15H24NgO5 bo
397.1896  Cy1Ha5N404 2.6 C18H24NgOy4 b3s—CgHsN
389.1957 Ca3H25N40- -1.5 C16H24NgOg bs—CO
369.1904 Ci5Ha5NgOs5 2.3 Co4H24N4O3 V4
346.1572  Cy1HoN309 22 C18H29N7Og by
326.1521 Ci3H90N303 2.2 Ca1Ha9N7O5 ba—CgHsN
318.1581 Cy5H9oN503 2.0 Co4Ha9N505
298.1530 Cy2H20N504 2.0 Ca7H29N504 y3

Table 4.22: Accurate Mass Measurements of CID-MS? of ion (1,2-s-AAAHG-OCH3 + H
—N5)™ Generated by UVPD of (1,2-s-AAAHG-OCHj3 + H)™

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

785.3744 C39H49N19Og 1.5
767.3641 C39Hy47N19O7 1.7 H>0
696.3286  C3H42N9Og 33 C3sH7NO9 bs
680.3311  C33H44N3gOsg 34 CgHsNg
668.3341  C35H42NgOs5 3.8 C4H7NO3 b5—CO
559.2693  C3pH35NgO5 3.0 CoH14N4O3 by
531.2704  Ca9H35NgOy4 -1.0 C10H14N4Oy4 bs—CO
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

488.2319  Cao7H39N504 2.7 C12H19N504 bs
460.2328 CosH3gN503 -1.5 C13H19N505 b3—CO
440.2275 C18H30N7Og 2.3 C21H19N309 Vs
417.1944  Cgo4Ho5N4O3 2.3 C15H24NgO5 bo
397.1892  Cy1Ha5N4Oy4 2.2 C18H24NgOy4 b3—CgHsN
389.1953  Cy3H25N409 -1.9 C16H24NgOg by—CO
369.1900 Ci5H25NgO5 1.9 C24H24N4O3 V4
346.1569 Cy1HyoN30- 1.9 C18H29N7Og b1
326.1518 Ci3H90N303 1.9 C21H9N7O5 ba—CgHsN
318.1578 Ci5H9oN503 1.7 Ca4Ha9N505
298.1527 Ci12HoN504 1.7 Ca7H29N504 y3
280.1420 Cy2H;18N503 1.6 Ca7H31N505 y3—H20
263.1154 C12H15N403 1.5 Co7H34NgOs  y3—HoO-NH3
227.1152  CgH15N4O03 1.3 C30H34NgOs5 Yo

Table 4.23: Accurate Mass Measurements of UVPD-MS? of (1,4-s-AAAHG + H)*

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
799.3599 C33H47N120g -3.5
771.3538 C33H47N1(Og -3.5 No
753.3436  C3gHy5N19O7 -3.1 HaN2O —N9-H50
743.3596 Cs37H47N19O7 -2.8 CNyO —N2-CO
714.3330  C36H44NgO7 -2.8 C3H3N30 —No—[Gly]
696.3222  C36H42NgOg -3.1 C2H5N304 —No-GlyOH
686.3382  C35H44N9Og 2.7 C3H3N309 m/z T43-[Gly]
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(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
680.3126  C32H42NgOsg -2.5 CgHsNj3 —No—-CgHsN
605.2805 C3pH37NgOg -2.6 CsH1oN4Oo m/z 696-CgHsN
559.2643  C3gH35NgO5 -2.0 CgHi2NgOs3 m/z 696—[His]
506.2378  Ca7H32N505 -2.0 C11H15N703 m/z 714—[AlaHis]
461.2167 CosHa9N4Oy4 -1.6 C12H18NgOy m/z 506-NH3-CO
4352010 Co4Ha7N4Oy4 -1.7 C14H20NgOy m/z 506—[Ala]
417.1906  Co4Ho5N403 -1.5 C14H2oNgO5 m/z 559-2[Ala]
397.1856  Cy1HasN404 -1.4 C17H29NgOy
390.1800 Ca3H24N3O3 -1.2 C15H23NgO5 m/z 461-[Ala]
364.1643 Cy1H22N303 -1.3 C17H25NgO5 m/z 435—[Ala]
355.1712 C14H23NgOs5 -1.2 C24H24NgO3 V4
337.1606 C14H21NgOy4 -1.3 Ca4Ho6NgOy m/z 355-H20
304.1394 Cy4H;8N503 -1.0 C24H29N7O5
294.1187 C12H16N504 -1.0 Co6H31N704
284.1343  C11H18N504 -1.0 Co7Ho9N; Oy v3
266.1238 C11H16N503 -1.0 Co7H31N7O5 m/z 284-H50
262.1290 C12H16N509 -0.9 Co6H31N7Og
252.1447 C11H18N509 -0.8 Ca7H29N7Og
249.0973  C11H13N4O3 -0.9 C27H34NgO5
223.0818  CgH;1N4O3 -0.8 Ca9H36NgO5
221.0702  C14HgN>O -0.7 Co4H3sN1gO7  m/z 417-[Ala]-C7H;11NO
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Table 4.24: Accurate Mass Measurements of CID-MS? of (1,4-s-AAAHG + H)*

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
799.3608 Cs33H47N120g -2.6
781.3509 C3gH45N1207 2.0 Hy0
771.3538 C33H47N1(Og -3.5 Ny
753.3449 C38Hy5N1907 -1.8 HoN-2O —Ns-H50
743.3611 C37H47N19O7 -1.3 CN20O -N2—CO
724.3301 C36H42N1106 -1.3 C2H5NO9 bs
714.3344  C36Hy4NgO7 -1.4 CoH3N30 —No—[Gly]
696.3229  C36H42NgOg 2.4 C3H5N30- —No-GlyOH
666.3109  C32H4oNgOg -1.1 CgH5Ny
605.2819  C3pH37N3Og -1.2 CsH1oN4O2 m/z 696-CgHsN
559.2651 C3pHs5NgO0s5 -1.2 CsH12NgO3 m/z 696—[His]
506.2387 Ca7H32N505 -1.1 C11H15N703 m/z 714—[AlaHis]
488.2282  Ca7H39N504 -1.0 C11H17N70O4 m/z 696—[AlaHis]
417.1913  Cgo4Ho5N4 O3 -0.8 C14H2oNgO5  m/z 696—-[AlaAlaHis]
355.1717  C14H23NgOs5 -0.7 C24H24NgO3 V4
337.1612 Cy4H21NgO4 -0.7 Ca4H26NgOy4 y4—H20
284.1348 C11H1gN504 -0.5 Co7H29N7Oy y3

Table 4.25: Accurate Mass Measurements of CID-MS? of Ton (1,4-s-AAAHG + H — No)*
Generated by CID of (1,4-s-AAAHG + H)™

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
771.3541 C3gH47N1¢Og -3.2
753.3431 C33Hy45N1907 -3.6 H>0O
743.3593  C37H47N1oO7 -3.1 CO
726.3332  C37Hy4NgO7 -2.6 CH3NO m/z 743-NH3s




(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
725.3492  C37Hy5N190g -2.6 CH>0, m/z 743-H,0
714.3327  C36H44NgO7 -3.1 C2H3NO —[Gly] (Bs5)
696.3226  C36H40NgOg 2.7 C2H5NO9 bs
686.3382  C35H44NgOg 2.7 C3H3NO2 —[Gly]-CO
668.3282  C35H42NgOs5 2.1 C3HsNO3 b5—CO
666.3096  C32H4oNgOg 2.4 CsHsN,

629.2810 C32H37NgOg 2.1 CgH19N2Oo —[AlaAla]
605.2808 C39Hs7NgOg 2.3 CgH19N202 m/z 696-CgHsN
5772747 Cs3oHs7NgOg 2.2 CgH19N4O2 —[HisGly] (84)
559.2643 C3pHs5NgOs5 -2.0 CgH1oN4 O3 by
534.2651 CoqH36N7O7 -2.0 C14H11N30

506.2378  Cy7H32N505 -2.0 C11H15N503 —[AlaHisGly] (53)
488.2274  Cy7H39N504 -1.8 C11H17N504 bs
461.2167 CoH29N4Oy4 -1.6 C12H18NgOy4 B3-NH3-CO
4352010 Co4H27N4Oy4 -1.7 C14H20NgO4 —[AlaAlaHisGly] (52)
417.1907 Co4H25N403 -1.4 C14H22NgOs5 by
337.1606 C14H21NgO4 -1.3 Ca4H26N4Oy4 y4—H20
294.1187 Cy12H16N504 -1.0 Co6H31N504

266.1239  C11H16N503 -0.9 Ca7H31N505 y3—H20
249.0974 C11H13N4O3 -0.8 Ca7H34NgOs5 ys—HoO-NHj3

Table 4.26: Accurate Mass Measurements of UVPD-MS? of Ion (1,4-s-AAAHG + H —
N3)™ Generated by CID of (1,4-s-AAAHG + H)™"

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment

771.3533  C33H47N19Og -4.0
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(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
753.3430 C3sH45N1907 -3.7 H>O
743.3589 C37H47N19O7 -3.5 CO
714.3323  C36Hg4NgO7 -3.5 C2H3NO —[Gly] (B5)
696.3218  C35H42NgOg -3.5 C2H5NO9 bs
686.3376  C35H44NgOg -3.3 C3H3NO9 —[Gly]-CO
668.3272  C35H42NgOs5 -3.1 C3H5NOg3 b5—CO
636.2985 C31H49N5O7 -2.9 C7H7N-5O
605.2800 C3pH37NgOg -3.1 CsH1gN2O9 b5—CgHsN
577.2857 Cq9H37NgOs5 2.4 CoH1gN2O3
559.2635 C3pH35NgO0s5 -2.8 CsH12N4O3 by
534.2647 Co4H36N7O7 2.4 C14H11N30
518.2373  Cy8H3aN505 2.5 C10H15N503
506.2374  Cy7H32N505 2.4 C11H15N503 —[AlaHisGly] (83)
488.2270  Co7H39N504 2.2 C11H17N504 bs
461.2161  CosHa9N4Oy4 2.2 C12H1sNgO4  —[AlaHisGly]-NH3-CO
4472006 Co5Ha7N4O4 2.1 C13H20NgO4 m/z 518—[Ala]
4352007 Co4Ho7N4Oy4 -2.0 C14H29NgOy4 m/z 506—[Ala]
417.1902  Co4H25N403 -1.9 C14H22NgO5 ba
397.1852  Cy1Ha5N404 -1.8 C17H22NgOy4 bs—CgHsN
390.1795 Cy3H24N303 -1.7 C15H23N7O5 m/z 447-[Gly]
364.1640 Co1H22N303 -1.6 C17H25N705 m/z 435-[Ala]
355.1708 C14H23NgOs5 -1.6 C24H24N4O3 V4
337.1603 C14H21NgOy4 -1.6 Co4Ho6N4Oy y4—H20
304.1390 Cy4H;8N503 -1.4 Co4H29N505
2941184 C19H1gN504 -1.3 Ca6H31N504
266.1236  C11H16N503 -1.2 C27H31N505 ys—H20
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(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
249.0971 Cy1H;3N4O3 -1.1 Co7H34NgO5 y3—HoO-NH3
223.0816 CyH;1N4O3 -1.0 Co9H36NgO5

Table 4.27: Accurate Mass Measurements of CID-MS? of Ton (1,4-s-AAAHG + H — Ny)*

Generated by UVPD of (1,4-s-AAAHG + H)™

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
771.3534 C33H47N1¢Og -3.9
753.3428 C3gH45N1907 -3.9 H>0O
743.3590 C37H47N1oO7 -3.4 CO
726.3326  C37H44NgO7 -3.2 CH3NO -NH3-CO
725.3488 C37H45N190¢ -3.0 CH30,
714.3323  C36H44NgO7 -3.5 C2H3NO —[Gly] (B5)
696.3223  C36H42NgOg -3.0 C2H5NO9 bs
686.3378  C35H44NgOg -3.1 C3H3NO2 —-[Gly]-CO
668.3275 C35H42NgOs5 -2.8 C3HsNO3 bs—CO
605.2804  C3oHs7NgOg -2.7 CsH1gN202 b5—CeHsN
5772741  C30H37NgOg -2.8 CgH19N4Oo2 —[HisGly] (B4)
559.2640 C3pHs5NgOs5 2.3 CgH19N4 O3 by
534.2648 CoqH36N7O7 2.3 C14H11N30
506.2375  C27H35N505 2.3 C1iHi5N503  —{AlaHisGly] (53)
461.2163 CoH29N4Oy4 -2.0 C12H18NgOy4 B3-NH3-CO
4352008 Co4H27N4Oy4 -1.9 C14H20NgO4 —[AlaAlaHisGly] (52)
337.1605 Ci4H21NgO4 -1.4 Ca4H26N40Oy4 y4—H20
294.1185 Ci9H16N504 -1.2 Ca6H31N504
266.1237 C11H16N503 -1.1 C27H31N505 y3—H20
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(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
249.0972 C11H13N403 -1.0 C27H34N605 y3—H20—NH3
223.0817 CgH;1N4O3 -0.9 Co9H36NgOs5

4.2.5 Calculations

Structures of the conjugates and their dissociation products were generated by Born-Oppenheimer
molecular dynamics (BOMD) calculations that were run as 20 ps trajectories with 1 fs steps, using the
Berendsen thermostat!?®! at 510, 610, and 810 K. Trajectory analysis confirmed that the systems were reach-
ing a near-stationary state after ca 16000 steps (16 ps), as determined by low root-mean-square deviations
of atomic Cartesian coordinates, so no longer trajectory runs were necessary because they generated only
duplicate structures. Initial protonation sites were chosen at different amide groups for the non-basic AAAG
conjugates to be treated by BOMD. Since BOMD includes both electron and nuclear motion, the differ-
ent protonation sites coalesced by proton transfer to the most basic position. The initial protonation sites
in AAAHG conjugates were at the basic residue His. The trajectory calculations were performed with
PM6-D3H4?°1 which complements the semiempirical Hamiltonian with dispersion and hydrogen-bonding
interactions, using the Cuby4 platform!*”) and MOPAC.*! Two hundred snapshots were selected at regular
100 fs intervals from the BOMD trajectories, and the structures were fully gradient-optimized with PM6-
D3H4. Several selected low energy structures were further optimized with B3LYP[*?! with the 6-31+G(d,p)
basis set. These calculations were augmented by including empirical dispersion corrections (GD3-BJ)133134]
and were used to provide harmonic frequencies. Several low-energy structures were reoptimized with M06-
2X 1331 using the 6-31+G(d,p) basis set. The M06-2X/6-31+G(d,p) optimized geometries were used to calcu-
late single-point energies which were carried out with M06-2X and the def2qzvpp!®! basis set (<5000 basis
functions). It should be noted that ion thermochemistry obtained at this level of theory is approximate within
an estimated 5-10 kJ mol™! 33137 and thus no efforts were made to derive the ion isomer equilibrium popula-
tions from the calculated Gibbs free energies (AGg 310). Another set of M06-2X/6-31++G(d,p) single-point

calculations were used to obtain charge densities according to Merz, Singh, and Kollman (MK).B811391 A]]
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the standard DFT calculations were run using Gaussian 16 (Revision B.01) that was licensed from Gaussian,
Inc. (Wallingford, CT). Collision cross sections in nitrogen were calculated by the modified ion trajectory
method (MobCalypp)**1#! using the MK charge densities. Standard van der Waals parameters for different

atom types were obtained from the MMFF94 data set.[*!

4.3 Results and Discussion

4.3.1 Photodissociation and Crosslinking Yields of 1,2-s-AAAG and 1,4-s-AAAG
4.3.1.1 Spectra Interpretation of 1,2-s-AAAG

Photodissociation of (1,2-s-AAAG + H)™ (m/z 662) led to backbone cleavages and subsequent loss
of Ny, producing a nitrile imine ion (1,2-s-AAAG + H — N3)* (m/z 634) as shown in the UVPD-MS?
spectrum (Figure 4.1 (a)). The loss of N2 and the resulting fragment ion assignments were determined
through accurate mass measurements, where Am = 28.0060 for Ny (Tables 4.5-4.7). The dissociations upon
UVPD showed strong dependence on the photon energy, which was 4.96 ev for the 250 nm and 5.82 eV
for the 213 nm laser beams. This was reflected by the more extensive dissociations of the (1,2-s-AAAG +
H — N3)™ ion when generated by UVPD at 213 nm (Figure 4.2 (a)). We note that the UV-vis absorption
spectrum of 2-(4-carboxyphenyl)-5-phenyl-tetrazole in acetonitrile solution showed strong absorption at
both wavelengths due to the 2,5-diaryltetrazole chromophore (Figure 4.3), while absorption at 250 nm in
gas-phase ions has also been established by UVPD action spectra.l**!

UVPD produced three series of fragment ions whose relative intensities depended on the photon energy.
The first is the peptide backbone cleavage without tetrazole Ny loss, which produced b,, type ions at m/z
587, 516, 445, 374, and [y, + 2H]" ions at m/z 289, and 271 that were particularly abundant at 213 nm
(red-annotated ions in Figure 4.1 (a) and 4.2 (a)). We note that backbone cleavages leading to b-type ions
were predominant in the CID-MS? spectrum of (1,2-s-AAAG + H)™ (Figure 4.4 (a), Table 4.6) that did
not show loss of No. A second ion series originated from (1,2-s-AAAG + H — Ny)™ (m/z 634) by loss of
CgHsN, possibly phenylnitrene or an isomer, giving rise to fragment ions at m/z 543 and their sequence
b-type ions at m/z 468, 397, 326, and 255 (green-annotated ions in Figure 4.1 (a)). This ion series was

prominent in the 213 nm UVPD spectrum (Figure 4.2 (a)) while being much less abundant at 250 nm
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Figure 4.1: UVPD-MS? of (a) (1,2-s-AAAG + H)t (m/z 662), and (b) (1,4-s-AAAG +
H)™* (m/z 662) obtained at 250 nm. Fragment ion color-coding is as follows: Dark red: b,
and [y, + 2H]" from the precursor ion; green: b, after loss of Ny and CgH;N; blue: 3,
ions by loss of truncated residues from crosslinks after loss of No. The aminocyclohexane
carboxylic acid is counted as the first residue in b,, and (3, ions.
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Figure 4.2: UVPD-MS? of (a) (1,2-s-AAAG + H)* (m/z 662), and (b) (1,4-s-AAAG + H)*
(m/7 662) obtained at 213 nm. For ion color coding see text in Figure 4.1.
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Figure 4.3: UV-vis absorption spectrum of 2-(4-carboxyphenyl)-5-phenyltetrazole in 99:1
acetonitrile:trifluoroacetic acid.

(Figure 4.1 (a)). The third ion series (blue-annotated ions in Figure 4.1 (a) and 4.2 (a)) also originated
from (1,2-s-AAAG + H — No)™ but involved internal residue losses forming m/z 577 (loss of [HNCH2CO],
denoted as [Gly]), m/z 506 (loss of [HNCH(CH3)CONHCH,CO], denoted as [AlaGly]), m/z 435 (loss of
[AlaAlaGly]), and m/z 364 (loss of [AlaAlaAlaGly]). In this notation, we use square brackets to distinguish
the neutral internal losses, [Amino acid residues], from those of standard amino acids and peptides leading
to b and [y, + 2H] T fragment ions.!*3! Since losses of internal amino acid residues are characteristic of cyclic
peptides,[*#1-46] their presence in the UVPD-MS? spectra allowed us to assign internal crosslinks between
the nitrile imine and peptide groups. The UVPD and CID-MS? spectra differed significantly due to distinct
ion excitation modes affecting dissociation pathways. Absorption of a 250-nm or 213-nm photon by the
2,5-diaryltetrazole chromophore created excited electronic states that dissociated by Ns loss before internal
energy redistribution, causing vibrational excitation. In contrast, slow heating by collisions drove ground-
electronic state dissociations where the peptide bond cleavages prevailed. This was despite that previous

energy analysis of tetrazole ring dissociations has indicated a low threshold energy for the Ny loss.[#71122]

In the next step, we selected ions (1,2-s-AAAG + H — No)™ (m/z 634) and investigated their CID-MS?

spectra (Figure 4.5 (a) and 4.6 (a), Table 4.7), followed by CID-MS* of each fragmentation peak from the
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Figure 4.4: CID-MS? of (a) (1,2-s-AAAG + H)* (m/z 662), and (b) (1,4-s-AAAG + H)T
(m/z 662). For ion color coding see text in Figure 4.1.
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CID-MS? spectrum (Table 4.28). The main fragment ion series consisted of internal fragments formed by
consecutive losses of [Gly] and [Ala] residues, represented as (3, ions to differentiate them from the standard
b,, sequence ions. Among the latter, bo, b3, and b4 were present in the spectrum at low intensities, indicating
structures with an open peptide chain in a minor population of (1,2-s-AAAG + H — Ny)™ ions. The main

population, indicated by blue-annotated [3,, ions, was attributed to crosslinked structures.

Table 4.28: CID-MS* Fragments of (1,2-s-AAAG + H — No)™ m/z 634 from 1,2-s-AAAG

Following UVPD at 213 nm

616 606 589 577 559 518 506 492 488 435 364 271
-H>O -CO —CO-NH;3 B4 by 589—[Gly] 53 —2[Ala] b3 Bo 51 Bo

598 589 518 506 531 447 435 474 470 390 256 243

588 577 501 435 488 376 364 435 460 364 239 228

559 563 447 364 397 421 443 256 200 226

545 535 376 364 364 417 180 109 200

528 518 326 379 152

474 506 234 328

403 447 179 309

397 410 255

364 384 205

326 180

273

255

4.3.1.2 Spectra Interpretation of 1,4-s-AAAG

The isomeric (1,4-s-AAAG + H)™ ion was photolyzed at 250 and 213 nm with the results shown in
Figure 4.1 (b) and 4.2 (b). In addition to the loss of Ng from the tetrazole moiety (ion (1,4-s-AAAG + H
— No)T, m/z 634), UVPD-MS? displayed a series of internal /3,, fragment ions resulting from sequential
dissociations of (1,4-s-AAAG + H — N»)T (blue-annotated ions at m/z 577, 506, 435, and 364), similar
to those produced by (1,2-s-AAAG + H — N2)*. Elemental compositions of these ions are listed in Table
4.11. Red-annotated ions reflected peptide chain cleavages without nitrogen loss, while green-annotated
ions originated from nitrile imine fragments. Similar to (1,2-s-AAAG + H)™, CID-MS? of (1,4-s-AAAG +
H)* gave a straight b,, ion series while no loss of Ny was observed (Figure 4.4 (b), Table 4.12). CID-MS3
of (1,4-s-AAAG + H - Ny)™" showed a prominent loss of GlyOH (m/z 559), suggesting a subset of ions with
a linear peptide chain (Figures 4.5 (b) and 4.6 (b)). Additional CID-MS* data for each peak in the CID-MS?

spectrum are recorded in Table 4.29. Most of the CID-MS? products from (1,4-s-AAAG + H — Ng)™ were
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Figure 4.5: CID-MS? of (a) (1,2-s-AAAG + H — Ny)T (m/z 634), and (b) (1,4-s-AAAG +
H — N2)* (m/z 634) from 250 nm UVPD. For ion color coding see text in Figure 4.1.
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Figure 4.6: CID-MS? of (a) (1,2-s-AAAG + H — No)T (m/z 634), and (b) (1,4-s-AAAG +
H — N2)* (m/z 634) from 213 nm UVPD. For ion color coding see text in Figure 4.1.
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By, internal fragments by loss of [Gly] (m/z 577) in combination with [(Ala),] (m/z 506, 435). In addition,
loss of [AlaAla] (m/z 492) was observed, and cleavage of the Ala; N-C, bond formed the complementary
fragment ions at m/z 381, 254, and 228. According to their accurate m/z (Table 4.13), these ions involved
the formation of HC(CH3)CO-Ala-Ala-NHCH3CO neutral or ion fragments that indicated cyclization to the
nitrile imine by the Gly carboxyl group.

Table 4.29: CID-MS* Fragments of (1,4-s-AAAG + H — No)T m/z 634 from 1,4-s-AAAG
Following UVPD at 213 nm

616 606 589 5717 559 506 492 461 435
-Hy0 —-CO —CO-NH3 Ba by B3 —2[Ala] 506-NH3-H>O Ba

598 589 561 549 541 478 474 443 417
588 588 518 532 531 461 464 433 407
573 577 506 516 435 447 390 390
559 561 461 488 435 362 364
545 518 472 384 327
502 506 407 265
474 492 381 180
371 344 364
202 226 325

234

179

4.3.1.3 Difference between [3,, and (b,, + H,O) Ions

The (3, ions discussed above are formally analogous to (b,, + HoO) fragment ions, which Gaskell and
colleagues reported as products of C-terminal carboxyl participation in amide bond cleavage, accompanied
by OH group and proton migration.*¥5% The two types of ions differ in structure, with /3,, ions having the
carboxyl oxygen incorporated in the nitrile imine moiety as a result of crosslinking, whereas the (b,, + H,O)
are C-terminally truncated peptide ions. Since the ions are isomeric, their distinction was of concern with
regard to peptide-nitrile imine crosslinking. The formation of (b, + HoO) fragment ions has been reported
to be sequence dependent, and where present in the spectra, they accompanied as minor satellites the more
common b,, ions.*) Perusal of the CID-MS? spectra of (1,2-s-AAAG + H)™ (Figure 4.4 (a)) and (1,4-s-
AAAG + H)* (Figure 4.4 (b)) revealed no (b,, + H0) ions accompanying the b,, ion series, indicating that
this peptide sequence in the scaffolds did not undergo backbone rearrangements with OH migration.

Additionally, we examined the non-crosslinked ions by performing CID-MS* on the signature isomeric
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(MH — Ny — GlyOH)™ ions (by, m/z 559) from (1,2-s-AAAG + H)™ and (1,4-s-AAAG + H)™, as well as
the (1,2-s-AAAG-OCH3 + H — Ny)™ ions from (1,2-s-AAAG-OCHj3 + H)™, which was blocked at the C-
terminus as a methyl ester and discussed in details later (Figure 4.7). The spectrum of the b4 ion from
(1,4-s-AAAG + H)™ (Figure 4.7 (c)) was straightforward, showing a dominant loss of CO that is typical
of dissociations of b-type ions. The spectrum of the b4 ion from (1,2-s-AAAG + H)™ (Figure 4.7 (a)) also
showed a loss of CO; however, the spectrum also showed a b3 sequence ion at m/z 488 that further eliminated
a CgHgN>O neutral fragment. This dissociation clearly indicated a bonding interaction between the peptide
chain and the nitrile imine that resulted in oxygen transfer to the latter. The spectrum of the b4 ion from
(1,2-s-AAAG-OCH3 + H)™ (Figure 4.7 (b)) was still different, showing only a minor loss of CO, whereas
the main sequence involved the formation of the b3 sequence ion at m/z 488, and its further dissociation by
loss of CgHsN from the nitrile imine moiety that was followed by loss of [Ala]. The dissociations observed
in the Figure 4.7 (a) and (b) spectra are probably driven by the high reactivity of the phenylnitrene moiety
that has been known to undergo ring enlargement and nucleophilic addition reactions that may involve the

peptide groups in the m/z 559 ions.

4.3.1.4 Crosslinking Yields of 1,2-s-AAAG and 1,4-s-AAAG

We estimated the crosslinking yield by combining the intensities of identified straight-chain and cy-
clized ions. Cyclized ions were represented by the sum of 3,, ion intensities (m/z 577, 506, and 435), along
with the intensity of the loss of water ion (m/z 616) which was absent in the CID spectra of linear peptide
ions and may indicate a cyclized structure. Non-cyclized ions were represented by the combined intensities
of b, and (b,, — C4gH5N) ions. The summarized data are provided in Table 4.30.

Compared to the 250 nm results which the survivor ion retained at 38-60%, UVPD at 213 nm resulted in
the more extensive fragmentation, with (MH — Ny)™ ion survivor fractions of 0.9-5%.At 213 nm, crosslinked
ion fractions were 27% for 1,2-s-AAAG and 38% for 1,4-s-AAAG, both lower than the fractions observed
at 250 nm, which were 65% and 77%, respectively. The high crosslinking yield from 1,4-s-AAAG was
unexpected, as the scaffold’s trans-1,4-stereochemistry was designed to position the peptide and tetrazole
groups on opposite sides of the cyclohexane ring, limiting their steric accessibility for crosslinking. This

discrepancy is addressed in the calculations section.
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Figure 4.7: CID-MS* of isomeric m/z 559 sequence ions produced by (a) loss of GlyOH
from (1,2-s-AAAG + H — Ny)™, (b) loss of GlyOCHj3 from (1,2-s-AAAG-OCH3 + H —
N2)™ by UVPD of (1,2-s-AAAG-OCHj3 + H)™, and (c) loss of GlyOH from (1,4-s-AAAG
+H — N3)™. For ion color coding see text in Figure 4.1.
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Crosslinking yields were also determined from CID-MS? of nitrile imine ions generated by UVPD at
213 and 250 nm (Table 4.30). The 250 nm data for (1,2-s-AAAG + H — No)™ and (1,4-s-AAAG + H —
N)™ showed high crosslink fractions, 89% and 84%, respectively. The increase in crosslink fractions from
UVPD-MS? to CID-MS? likely resulted from the depletion of linear peptide ions during UVPD, due to their

tendency toward facile backbone dissociation, leaving a higher proportion of cyclic crosslinks to be probed
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in the subsequent CID-MS? step.

Table 4.30: Crosslinking Yields of Peptide-Nitrile Imine Scaffolds

Compound/Ion Ion Activation %(MH-N3)*  %Crosslinks®
UVPD-MS?

1,2-s-AAAG 250 nm 46 65
1,2-s-AAAG 213 nm 0.9 27
1,4-s-AAAG 250 nm 60 77
1,4-s-AAAG 213 nm 5 38
1,2-s-AAAG-OCHj3; 250 nm 38 <0.1
1,2-s-AAAG-OCHj3; 213 nm 2.7 <0.1
1,2-s-AAAHG 213 nm 42 65
1,4-s-AAAHG 213 nm 47 60
1,2-s-AAAHG-OCHj; 213 nm 38 <0.1
CID-MS?

1,2-s-AAAG-N» 250 nm 89
1,2-s-AAAG-N» 213 nm 74
1,4-s-AAAG-Ny 250 nm 84
1,4-s-AAAG—N» 213 nm 57
1,2-s-AAAG-OCH3-N, 250 nm 28
1,2-s-AAAG-OCH3-Ny 213 nm 37
1,2-s-AAAHG-N, 250 nm 87
1,2-s-AAAHG-N, 213 nm 91
1,4-s-AAAHG-N» 213 nm 91
1,2-s-AAAHG-OCH3-N»> 213 nm 2.1

* Relative to the sum of all identified fragment ion intensities.
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Figure 4.8: CID-MS? of ([D7]-1,2-s-AAAG + H — No)* (m/z 641) produced by 250 nm
UVPD N; loss from ([D7]-1,2-s-AAAG + H)™. For ion color coding see text in Figure 4.1.

4.3.2 Dertermination of Crosslinking Sites in 1,2-s-AAAG

To track proton migrations in the crosslinks, we used full H/D exchange in (1,2-s-AAAG + H)™ to
produce the deuterated ion ([D7]-1,2-s-AAAG + H)" (m/z 669) which was then photolyzed at 250 nm, and
the ([D7]-1,2-s-AAAG + H — Ny)™ ion formed (m/z 641) was investigated by CID-MS? (Figure 4.8). The
observed deuterium retention in the (3, fragment ions was consistent with the expected neutral losses of
[[D1]Gly] and [[D1]Gly([D1]Ala),,] (n = 1-3). It should be noted that the fragment ions underwent back
exchange while stored in the ion trap, resulting in a distribution of deuterated species. For example, the
abundant 4 ion of an expected [Dg] content showed a distribution of [Dg], [Ds], and [D4] species, and
likewise for the other 3,, fragment ions (Figure 4.8).

The sequential loss of [Gly] and [Ala] from (1,2-s-AAAG + H — N3)™ may be interpreted as resulting
from crosslinking to the nitrile imine by the Gly COOH group, which was associated with proton transfer
and anchored one of carboxyl oxygen atoms in the nitrile imine moiety. This is shown in Scheme 4.2
that indicates rupture of the crosslinked O—C=0 ester bond accompanied by backbone amide dissociations.

These two types of dissociations can occur competitively, leading to the same result.
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Scheme 4.2: Proposed Formation of 53,, Sequence Fragment lons from Crosslinked ((1,2-s-
AAAG +H-Ny)™.

This hypothesis was proved by blocking the carboxyl OH by converting it to a methyl ester in (1,2-s-
AAAG-OCH3 + H)™ and obtained the CID and UVPD-MS? spectra (Figure 4.9 (a) and (b), Table 4.8 and
4.9). CID-MS? of the methyl ester ion, (1,2-s-AAAG-OCH3 + H — No)*, m/z 648, that was generated by
UVPD of (1,2-s-AAAG-OCH3 + H)™ (Figure 4.9 (c)), showed a markedly diminished formation of /3,, ions
while the spectrum was dominated by b;-b4 ions from cleavages of the presumably linear peptide chain
(Figure 4.9 (c), Table 4.10). The impact of blocking the Gly carboxyl as a methyl ester in (1,2-s-AAAG-
OCH3 + H)* was substantial, as seen in Table 4.30. UVPD-MS? showed nearly complete suppression of
crosslinked fragment ions, with the methyl esters exhibiting significantly reduced crosslink formation. This
effect was particularly large for the methyl esters where the crosslinks did not dissociate on UVPD and were
then revealed by CID-MS?. Nevertheless, the fraction of crosslinked ions in methyl ester-modified samples

was notably lower than that observed for carboxyl-terminated peptide conjugates.

4.3.3 Ton Mobility, Collision Cross Sections, and Ion Structures of 1,2-s-AAAG and 1,4-s-
AAAG

To investigate the composition of precursor ion conformers and crosslinking products, we employed
cyclic ion mobility mass spectrometry. Collision cross sections (CCSpys) were determined and compared
with theoretical CCSy. values obtained from fully optimized ion structures and charge distributions. The
arrival time distribution (ATD) of (1,2-s-AAAG + H)™ obtained after 20 passes (19.6 m path length) showed
two peaks with very similar CCSyys = 255 and 258 A?, respectively (Figure 4.10). Compared with that, the
ATD of (1,4-s-AAAG +H)™ (15 passes) gave one peak of CCSIMS =271 A? (Figure 4.11) with a minor tail
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Figure 4.9: (a) CID-MS? of (1,2-s-AAAG-OCHj3 + H)T (m/z 676), (b) UVPD-MS? of (1,2-
s-AAAG-OCH3 + H)™ (m/z 676) obtained at 213 nm, and (c) CID-MS? of (1,2-s-AAAG-
OCH3 + H — No)™ (m/z 648) from 213 nm UVPD. For ion color coding see text in Figure

4.1.
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toward longer arrival times which indicated that the ion was produced as one component or an unresolved
mixture of several components of very close CCS. Using a combination of BOMD of several protonation
isomers and M06-2X/6-31+G(d,p) geometry optimization of several low-energy structures, we were able
to identify the lowest-energy ions and calculate their CCS¢y.. Figure 4.10 shows two lowest-energy iso-
mers of (1,2-s-AAAG + H)™, 1,2-A1 and 1,2-A2, that had virtually identical relative energies, and can be
considered energetically equivalent at the DFT level of theory. Upon BOMD and gradient optimization
of initial structures with several different amide protonation sites, all low-energy structures collapsed to a
single protonation isomer being protonated at the diaryltetrazole carboxamide carbonyl. The protonated
amides developed strong hydrogen bonds to the Ala amide groups, which were Ala-2 in 1,2-A2 and Ala-3
in 1,2-A1 (Figure 4.10). The structures also differed in the orientation of the cis-1,2-diaryltetrazole carbox-
amide and peptide groups on the cyclohexane ring. The peptide chain was equatorial in 1,2-A1 and axial in
1,2-A2. The hydrogen bonding patterns determined the compact peptide conformations whereas the rigid
2,5-diaryltetrazole moiety stuck out of the structures. This indicated that the incipient nitrile imine was
not in the close proximity of the peptide groups, and crosslinking must have involved peptide conforma-
tional change. The CCS., of 1,2-A1 and 1,2-A2, 257 and 260 A2 respectively, matched within 1% the
experimental CCSpys of the peaks detected in the Figure 4.10 ion mobilogram. It should be noted that the
MobCal-MPI CCS calculations that were based on averaging 10 iterations gave 0.5-1.1% root-mean-square
deviations which should be considered when comparing the calculated and experimental CCS. The CCS_yc
of other low-energy conformers were 2-4% larger and provided a less satisfactory fit with the CCSpys (Fig-

ure 4.10 1,2-A3 and 1,2-A4).

Several low-energy optimized structures of (1,4-s-AAAG + H)* were obtained that all showed a uni-
form protonation site that was on the Ala-2 amide (Figure 4.11). The structures fell into two groups; one
with the carboxyl group reaching to the tetrazole ring, as represented by 1,4-A1, and the other with a folded
peptide sequence as represented by 1,4-A2. The two groups differed in their CCS, which ranged between
262-270 A2 for the 1,4-A1 types and 282-286 A2 for the 1,4-A2 types. The gas-phase structures favored
the 1,4-A2 group by Gibbs energy, which was largely mitigated by solvation in water that favored 1,4-A1
(Figure 4.11). The structures of the 1,4-A1 type gave a closer agreement between the CCSpys and CCScqyc

and thus we considered them representative of the (1,4-s-AAAG + H)™ ions produced by electrospray. Loss
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Figure 4.10: Arrival time distributions (ATD) of (1,2-s-AAAG + H)™ after 20 passes.
MO06-2X/6-31+G(d,p) optimized structures, M06-2X/def2qzvpp relative Gibbs energies,
and CCScyic of low energy (1,2-s-AAAG + H)™ ions. Atom color coding is as follows:
cyan = C, blue = N, red = O, gray = H. Only exchangeable NH, OH hydrogens are shown to
avoid clutter. Major hydrogen bonds are indicated by ochre double-headed arrows.
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Scheme 4.3: Dissociation and Crosslinking Reaction Energies of (1,2-s-AAAG + H)™.

of Ny from (1,2-s-AAAG + H)* could not be studied by CID and therefore we did not have the relevant
CCSpvis of the nitrile imine and crosslinked products. Calculations suggested that the loss of Ny from the
tetrazole ring in (1,2-s-AAAG + H)T was only 51 kJ mol~! endothermic leaving a substantial excitation
energy in nitrile imine ion 1,2-al (Scheme 4.3). From the energy balance one gets Eex(1,2-s-AAAG + H —
No)T < (Ephoton —351) =479 and 562 kJ mol~! at 250 and 213 nm, respectively, where the < sign reflects the
unknown translational energy of the departing N2 molecule. The energy excess can drive proton migration
onto the nitrile imine group that has been considered essential for facilitating peptide cyclization.[??] Alter-
natively, the N-N bond in excited 1,2-al can dissociate, driving the observed loss of C¢H5;N and subsequent

backbone dissociations.

4.3.4 Photodissociation and Crosslinking Yields of 1,2-s-AAAHG and 1,4-s-AAAHG

To utilize nitrile imine formation by both UVPD and CID, scaffold conjugates that were furnished with
the basic [His] residue were investigated. In this way, the peptide backbone fragmentation was suppressed
by proton sequestration at the basic site, allowing us to generate nitrile imine intermediates by CID-MS?

and study their properties by CID and UVPD-MS3.
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4.3.4.1 Spectra Interpretation of 1,2-s-AAAHG

Both CID and UVPD of the (1,2-s-AAAHG + H)™ ions gave abundant fractions of the denitrogenated
intermediates (1,2-s-AAAHG + H — No)* (m/z 771, Figure 4.12 (a) and 4.14 (a), Table 4.14 and 4.15).
Backbone dissociations were chiefly observed for 213 nm UVPD (Figure 4.14 (a)) where they primarily led
to two ion series, both originating from (1,2-s-AAAG + H — N>)™. In contrast, competitive peptide chain
dissociations in tetrazole conjugates, i.e. without N loss, were only minor as indicated by the red-annotated
ions. The main series of blue-annotated ions in the CID-MS? spectra corresponded to 3,, fragments by loss
of [Gly] (m/z 714), and continuing by sequential losses of [His] and [Ala] at m/z 577, 506, 435, and 364
(Figure 4.15 (a)). In addition, the presence of the basic His residue steered protonation to complementary
By, ions at m/z 266, 337, and 408 that were also indicative of cyclized structures. The (,, ions formally
corresponded to [y,, + 2H — HoO]™, which were represented as ,,.

To investigate further dissociations of the (1,2-s-AAAHG + H — Ny)™ ions (m/z 771), both CID and
UVPD in the UVPD-CID-MS? and CID-UVPD-MS? were applied (Figure 4.15 (a) and 4.16 (a), Tables
4.16 and 4.18). CID-MS? of (1,2-s-AAAHG + H — No)* revealed prominent peaks due to the loss of
water and CO at m/z 753 and 743, respectively (Figure 4.15 (a)). The absence of these fragments in the
(1,2-s-AAAHG + H)" ions suggests they likely originate from cyclized structures. Additionally, the m/z
605 ion, resulting from combined loss of GlyOH and C¢HsN, indicated the presence of non-cyclized linear
structures. Most fragment ions at m/z 714, 577, 506, 435, and 364 were of the 3, type. These ions represent
cyclized structures and are attributed to the loss of internal residues. CID-MS* of the prominent CID-MS?
peaks of (1,2-s-AAAHG + H — Ny)™ provided additional evidence supporting these findings (Table 4.31).
UVPD of (1,2-s-AAAHG + H — Ny)™ produced similar fragmentation patterns (Figure 4.16 (a)). However,
due to the higher excitation energy in UVPD, the sequence ion series extended to lower-mass ions through

more extensive dissociation of light-absorbing intermediate fragments.

4.3.4.2 Spectra Interpretation of 1,4-s-AAAHG

Photodissociation of (1,4-s-AAAHG + H)™ (m/z 799) at 213 nm gave an intense (1,2-s-AAAHG + H
— No)™ ion (m/z 771) along with a series of backbone fragment ions (Figure 4.14 (b), Table 4.23). These

consisted of the 3, series of sequential losses of [Gly], [His], and [Ala] internal fragments (blue-annotated
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Figure 4.12: (a) CID-MS? of (1,2-s-AAAHG + H)* (m/z 799), and (b) CID-MS? of (1,4-

s-AAAHG + H)™ (m/z 799). For ion color coding see text in Figure 4.1.
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Figure 4.13: (a) CID-MS? of (1,2-s-AAAHG + H — No)t (m/z 771) generated by CID of
(1,2-s-AAAHG + H) ™, and (b) CID-MS? of (1,4-s-AAAHG + H —Ny)* (m/z 771) generated

by CID of (1,4-s-AAAHG + H)™. For ion color coding see text in Figure 4.1.
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Figure 4.14: (a) UVPD-MS? at 213 nm of (1,2-s-AAAHG + H)* (m/z 799), and (b) UVPD-
MS? at 213 nm of (1,4-s-AAAHG + H)* (m/z 799). For ion color coding see text in Figure
4.1.
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Figure 4.15: (a) CID-MS?3 of (1,2-s-AAAHG + H—Ny)* (m/z 771) generated by UVPD of
(1,2-s-AAAHG + H) ™, and (b) CID-MS? of (1,4-s-AAAHG + H —Ny)* (m/z 771) generated

by UVPD of (1,4-s-AAAHG + H)™. For ion color coding see text in Figure 4.1.
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— No)* (m/z 771) generated by UVPD of (1,4-s-AAAHG + H)™. For ion color coding see
text in Figure 4.1.
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Table 4.31: CID-MS* Fragments of (1,2-s-AAAHG + H — No)* m/z 771 from 1,2-s-
AAAHG Following UVPD at 213 nm

753 743 714 605 577 506 435 408
-H>O -CO Bs b5—CsHsN B4 B3 B2 Vs

735 726 686 577 506 435 364 390

725 714 577 468 435 364 180 380

710 698 506 397 364 135 135

682 686 435 120 120

605 604

577 589

468 577

397 518

326 506

268

ions), indicating crosslinking. The other main series was initiated by loss of C¢HsN from the nitrile imine
(m/7 680), followed by standard backbone cleavages yielding b,, type fragment ions (green-annotated series).
Loss of Ny was also induced by CID that was followed by backbone cleavages (Table 4.24).

CID-MS3 (Figure 4.15 (b), Table 4.25) and UVPD-MS? of CID-generated (1,4-s-AAAHG + H — Ny)™
(m/z 771, Table 4.26), as well as CID-MS? and further CID-MS* of UVPD-generated (1,4-s-AAAHG + H
—N3)™ (Table 4.27 and 4.32) showed mainly the (3,, ions that were complemented by the -3 and -4 ions at
m/z 266 and 337, respectively. Both the sequential fragmentation starting from the C-terminal [Gly], and the
absence of direct loss of [Ala],, from (1,4-s-AAAHG + H — Ny)™ indicated that crosslinking to the nitrile
imine was chiefly realized by the [Gly] residue. The linkage and peptide chain dissociations could follow

the same mechanism as those shown in Scheme 4.2 for 1,2-s-AAAG (Figure 4.14).

4.3.4.3 Crosslinking Yields of 1,2-s-AAAHG and 1,4-s-AAAHG

The crosslinking yields at 213 nm for (1,2-s-AAAHG + H)™ and (1,4-s-AAAHG + H)" were similar
at 65 and 60%, respectively (Table 4.30). A significant drop of yield was recorded for (1,2-s-AAAHG-
OCH3 + H)" (< 0.1%), indicating the critical role of the free carboxyl in binding to the nitrile imine. The

crosslinking yields upon CID of (1,2-s-AAAHG + H — N2)* and (1,4-s-AAAHG + H — N5)™ that were
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Figure 4.17: (a) CID-MS? of (1,2-s-AAAHG-OCHj3 + H)* (m/z 813), and (b) CID-MS? of
(1,2-s-AAAHG-OCH3 + H — Ny)™ (m/z 785) generated by CID of (1,2-s-AAAHG-OCHj3
+ H)™. For ion color coding see text in Figure 4.1.
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Table 4.32: CID-MS* Fragments of (1,4-s-AAAHG + H — No)* m/z 771 from 1,4-s-
AAAHG Following UVPD at 213 nm

753 743 714 696 686 605 577 506 461 435
-H>0 —CO Bs b; B5-CO b5;—CsHsN B4 B3 B3-NH3-CO B2

735 726 686 668 668 587 549 478 433 417

725 725 670 652 577 577 506 461 390 407

710 714 577 587 506 561 468 435 362 390

696 698 506 577 486 468 397 265 364

682 686 559 461 397

665 604 515 415

605 518 488 252

577 505 468

397 444

268 397

249 245

generated at 213 nm were comparable at 91% (Table 4.30). Ions (1,2-s-AAAHG + H — N3)* produced by
UVPD at 250 nm gave a similar yield of crosslinks (87%) upon CID. In contrast, carboxyl methylation, as
in (1,2-s-AAAHG-OCHj3 + H)™, caused a large drop in the crosslinking yield (2.1%, Table 4.30) which was
consistent with the yield decrease upon UVPD of (1,2-s-AAAHG-OCHj3 + H)' methyl ester (Figure 4.18.
Conversely, this large effect of blocking the carboxyl indicated that the His side-chain imidazole ring did not
react with the nitrile imine to affect the crosslinking yield. The fragment ion assignment was corroborated

by accurate mass measurements (Table 4.19-4.22).

4.3.5 Ion Mobility, Collision Cross Sections, and Ion Structures of 1,2-s-AAAHG and 1,4-s-
AAAHG

Ton mobility of the (1,2-s-AAAHG +H)™ ions (m/z 799, 4 passes) showed two resolved peaks with
CCSyms = 277 and 282 A2 for the minor (7%) and major (93%) components, respectively (Figure 4.19).
These were closely matched by the CCS,yc of the two lowest Gibbs energy structures 1,2-H1 and 1,2-H2 of
276 and 284 A2 (Figure 4.19). Both these low-energy structures were protonated on His and showed coiled
peptide chains with similar hydrogen bonding patterns, reflecting their similar CCS, that were within 3%.
Ion mobility of the (1,4-s-AAAHG +H)Vions (m/z 799, 15 passes) also showed two peaks of CCSpvs 296
and 301 A? for the major (98%) and minor (2%) components (Figure 4.20). The calculated lowest-energy

ion structures fell into two groups. One group, represented by 1,4-H1 and 1,4-H22, showed the peptide
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Figure 4.19: Arrival time distributions of (1,2-s-AAAHG + H)™ after 4 passes. M06-2X/6-
31+G(d,p) optimized structures, M06-2X/def2qzvpp relative Gibbs energies, and CCS_qyc
of low energy (1,2-s-AAAHG + H)™ ions. Structure discription as in Figure 4.10.

hydrogen bonded to the benzoyl C=0 which resulted in compact structures. The CCSyc of 1,4-H1 closely
matched the CCSyys of the major peak in the Figure 4.20 mobilogram. The other group, represented by
1,4-H3, had more extended structures, resulting in larger CCSyc.

Ton mobility separation of the CID-denitrogenated ions (1,2-s-AAAHG + H—Ns)™" and (1,4-s-AAAHG
+H - Ny)™ (m/z 771) showed five fully or partially resolved peaks with CCSpys ranging between 263-289
A2 (Figure 4.21 and 4.22). This made the structure assignment difficult because the CCS,c of conformers
of several different ion structures showed substantial overlap. In addition, the phenyl group conformation in
both the nitrile imines and crosslinks had a large effect on the CCS,c, causing overlap between conformers
of different structure types. This is illustrated in Figure 4.21 for low energy conformers of the nitrile imine

(1,2-h1) and carboxyl-crosslinked ions 1,2-h2 and 1,2-h3. In this case, a match between the CCS, and
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Figure 4.21: Arrival time distributions of (1,2-s-AAAHG + H — No) ™ after 4 passes. M06-
2X/6-31+G(d,p) optimized structures and CCS.,. of low energy 1,2-h1-1,2-h3 isomers.
Structure discription as in Figure 4.10.

CCSyums cannot be taken as an unequivocal structure assignment, although the presence of the linear (nitrile
imine) and carboxyl crosslinked structures was strongly indicated by the UVPD-MS? and CID-MS? spectra
(Figure 4.14 (a) and 4.15 (a)).

The CCScyc for crosslinked structures 1,4-h1 and 1,4-h2 had close matches with peaks in the mo-
bilogram whereas the CCSqc for the nitrile imines (1,4-h3) had not. An interesting feature of the (1,4-
s-AAAHG + H — No)™ crosslinks was that the carboxyl bond to the nitrile imine was achieved only after
flipping the cyclohexane ring to the twist-boat conformation. The 1,4-h3 — 1,4-h2 cyclization was calcu-
lated to be exergonic, AGg, 310 = —59 kJ mol~!, which compensated for the energy gain due to cyclohexane
ring inversion. A further stabilization of the twist-boat conformation could be due to the strong hydrogen
bond between the protonated histidine imidazole and the benzoyl carbamide in 1,4-h1 and 1,4-h2 (Figure

4.22).
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4.4 Conclusions

Photodissociation of (1,2-s-AAAG + H)*, (1,4-s-AAAG + H)™, (1,2-s-AAAHG + H)™", and (1,4-s-
AAAHG + H)™ predominantly led to crosslinking via the carboxyl group, resulting in the formation of
diarylhydrazide enol esters (Scheme 4.2 and 4.3). The critical role of the carboxyl group was confirmed
by the sharp decrease of crosslinking yields after carboxyl methylation. Similar crosslinking behavior has
been reported in solution, where lysine-anchored nitrile imines react with Glu side-chain carboxyl groups in

proteins.>1152]

Experimental IMS data indicated that cis-1,2-s-peptide scaffold ions form as mixtures of closely related
conformers within the same protonation isomer in the gas phase. In these ions, the cyclohexane ring typically
adopts a chair conformation with the peptide chain in an equatorial position. Protonation sites varied with
different peptide composition: the benzamide carbonyl was protonated in (1,2-s-AAAG + H)*, whereas
basic residues were protonated in (1,2-s-AAAHG + H)™. Additionally, hydrogen bonds frequently formed
between the benzamide carbonyl and charged groups within the peptide. In contrast, trans-1,4-s-peptide
scaffold ions favored a single dominant conformation involving a twist-boat cyclohexane ring, stabilized by
strong hydrogen bonding within the peptide and across the ring, thus compensating for the energy required

to convert from chair to twist-boat conformations.

Photodissociation and CID of these ions produced a mixture of isomers and conformers, including both
crosslinked and linear structures, likely indicating the presence of surviving nitrile imine intermediates.
As supported by the absence of crosslinking in sodiated peptide conjugates,??! crosslinking involves the
attack of the nitrile imine group following proton transfer to the imine nitrogen. Notably, the tetrazole
nitrogens in precursor ions remained unprotonated, with protonation sites distant from the nitrile imine.
This suggests that proton transfer required conformational changes within the peptide, driven by photon
absorption or collision energy. This process aligns with the relatively low threshold energies observed
for No expulsion, (e.g., 51 kJ mol~! in Scheme 4.3). The requirement for proton transfer and associated
conformational adjustments emphasizes that the crosslinking process probes the dynamic nature of peptide
ions rather than their static structures. This dynamic behavior was particularly evident in the trans-1,4-

cyclohexane scaffolds, which likely underwent a chair-to-twist-boat transition during crosslinking.
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Chapter 5

Nitrile Imine Crosslinking in
Stereochemically Distinct Scaffolds of
Peptides with Basic Residues at the

C-Terminus in the Gas-Phase

Reproduced in part with permission from Hongyi Zhu, Marianna Nytka, Tuan Ngoc Kim Vu, Karel Lemr,
and FrantiSek TureSek. Photochemical and Collision-Induced Cross-Linking in Stereochemically Distinct
Scaffolds of Peptides and Nitrile Imines in Gas-Phase Ions. Journal of the American Society for Mass
Spectrometry, XXXX, XXX, XXX-XXX.

Abstract. Intramolecular crosslinking between peptides protonated at C-terminal lysine or arginine residues
and nitrile imine intermediates in stereochemically distinct conjugates is investigated. Nitrile imine inter-
mediates, generated by No loss from 2,5-diaryltetrazole tags upon UV photodissociation at 213 nm or by
CID, were analyzed by CID and UVPD-MS?. Crosslinking yields ranged from 28% to 78% in UVPD-
MS? and increased to 62 to 97% in UVPD-CID-MS?. Structural analysis of the cis and trans peptide ions,
intermediates of the nitrile imine intermediates, and crosslinks was conducted using cyclic ion mobility
with Born-Oppenheimer molecular dynamics and density functional theory calculations. Experimental and

theoretical matches in collision cross sections and Gibbs energies were used to confirm structural assign-
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ments. Peptide conjugates with C-terminal lysine underwent crosslinking primarily via the carboxyl group,
as confirmed by MS? sequencing and supported by carboxyl-blocking experiments that reduced crosslinking
yields. Peptide conjugates with C-terminal arginine also showed crosslinking via the guanidine group on

the side chain.

5.1 Introduction

In Chapter 4, the results from the AAAG and AAAHG scaffolds demonstrated that crosslinking pre-
dominantly involved the C-terminal residue. This conclusion was further supported by C-terminus blocking
experiments, which showed a significant decrease in crosslinking yields after converting the Gly carboxyl
into a methyl ester, suggesting that the proton at the Gly carboxyl is essential for the crosslinking reac-
tion. To investigate the influence of basic side-chain groups and to better understand the role of proton
involvement, we introduced lysine and arginine at the C-terminus to replace glycine. This modification was
intended to explore the competition between the proton on the basic residue and the carboxyl group during
the crosslinking process.

Lysine and arginine are two positively charged amino acids with high aqueous pKa values (~10.5 for
lysinel!! and ~13.8 for arginine!?') that play crucial roles in protein structure and function, primarily through
electrostatic interactions and protein solvation. The high pKa of arginine results from the delocalization of
the positive charge across the m-bonded system of the side chain’s guanidinium ion, which remains proto-
nated even when partially embedded within protein structures or membranes.[*!*! In contrast, the charge
on lysine is concentrated on the terminal aliphatic amino group, making its side chain more susceptible to
deprotonation within proteins.

We synthesized peptide scaffolds designated as 1,2-s-GAAAK, 1,4-s-GAAAK, 1,2-s-GAAAR, and
1,4-s-GAAAR, where the charge-carrying side chain could donate a proton to catalyze crosslinking and
serve as a nucleophile to attack the nitrile imine dipole. The crosslinking behavior of these scaffolds was
investigated using UVPD-CID-MS? and CID-UVPD-MS? at 213 nm, with accurate mass measurements
aiding in fragment ion identification. Structural analysis of the conjugates and their dissociation products
was performed using high-resolution cyclic ion mobility mass spectrometry, in combination with Born-

Oppenheimer molecular dynamics (BOMD) and density functional theory (DFT) calculations to determine
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Scheme 5.1: Peptide-Nitrile-Imine Conjugates with Stereochemically Distinct cis-1,2- and

trans-1,4-Cyclohexane Scaffolds.

theoretical collision cross sections (CCSc,1c), allowing for comparison with experimental data.

5.2 Experimental Section

5.2.1 Materials and Methods

Unless otherwise noted, all starting materials were from (Sigma Aldrich, Fisher Chemical) and were

used as received. "H NMR spectra were recorded on Bruker spectrometers at 300 MHz. Coupling constants

(J) are given in Hz and chemical shifts are on the J-scale. HRMS spectra were recorded on a Thermo

Orbitrap Ascend Tribrid Mass Spectrometer. Samples were introduced by flow injection into the ESI source.

5.2.2 Synthetic Procedures

1,2-s-GAAAK

H Y
ﬁ\‘g JLNNW % ;L

\
~N_
o N™">CoHs

H The title conjugate was prepared according to the

general procedure for solid phase peptide synthe-

sis (see Chapter 4.2.2). HRMS (ESI) m/z calcd for

C38H52N1108 (M+H)+ 7903995, found 790.3978.
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1,4-s-GAAAK

L0
0
0 H NJ\WN

H

N\)LN)\W H o
L7 H o

o)

NH,

H
N

N-N
CHs

1,2-s-GAAAR

m@i J H}%

The title conjugate was prepared according to the
general procedure for solid phase peptide synthe-
sis (see Chapter 4.2.2). HRMS (ESI) m/z calcd for
C33H5oN11 05 (M+H)™ 790.3995, found 790.3976.

The title conjugate was prepared according to the
general procedure for solid phase peptide synthe-

sis (see Chapter 4.2.2). HRMS (ESI) m/z calcd for

NH
"CeHs HN 2 C33H52N1305 (M+H) ™t 818.4056, found 818.4039.
1,4-s-GAAAR
0 H 2 NJ\‘\/H OH
" H\)\N)\W T)LH o)
N H o
0 HN The title conjugate was prepared according to the
HN™ T NH; general procedure for solid phase peptide synthe-
N7 N sis (see Chapter 4.2.2). HRMS (ESI) m/z calcd for
N-N
CeHs C38H52N1308 (1\/[+H)+ 818.4056, found 818.4040.
1,2-s-GAAAK-OCHj;
o H Q )\“/H o’ Thetitle conjugate was prepared according to the gen-
B
N N o o eral procedure for methylation (see Chapter 4.2.2).
o}
HN O i\N:"" HRMS (ESI) m/z caled for C3gHs4N13Og (M+H)™
_N. NH,
O NT T cets 804.4151, found 804.4135.

1,2-s-GAAAR-OCH3
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(0]
/

o H Q \ )\“/H o~ The title conjugate was prepared according to the gen-
H
N\)LNJ\W H o
H 0O
o

eral procedure for methylation (see Chapter 4.2.2).

HN < > (N: HN HRMS (ESI) m/z caled for C39H54N1308 (M+H)+
o N HN” NH,
615 832.4128, found 832.4191.

5.2.3 Cyclic Traveling Wave Ion Mobility-Mass Spectrometry
5.2.3.1 Sample Preparation

LC-MS grade acetonitrile (ACN) and water were purchased from Fisher Chemical (Fisher Scientific,
United Kingdom). Acetic acid > 99% was obtained from Sigma Aldrich (Prague, Czech Republic). Poly-
DL-alanine was purchased from Sigma Aldrich (Prague, Czech Republic).

Solid samples were dissolved in ACN/H50 (50/50) to prepare stock solutions with the following con-
centrations: 3.06 mg/mL for 1,2-s-GAAAK; 2 mg/mL for 1,4-s-GAAAK; 3.1 mg/mL for 1,2-s-GAAAR; 4
mg/mL for 1,4-s-GAAAR.

The stock solutions were diluted to 1 mg/mL in ACN/H20 (50:50) and then diluted to a working
concentration of 1 pug/mL in ACN/H20 (1:1) with 1% acetic acid. The stock solution of polyalanine (1
mg/ml in ACN/H20 (50/50)) was diluted to 2 pg/mL in ACN/H20 (50/50) with 0.1% of formic acid. The

calibrant was prepared in duplicate (one data acquisition for each ion).

5.2.3.2 ESI Conditions

The instrument parameters were the same as Chapter 4.2.3. cIMS conditions for 1 Pass separation
experiments of [M + H]™ and [M + H — No]" are listed in Table 4.1. The CCS calibration is listed in

Chapter 4.2.3.

5.2.4 Accurate Mass Measurements and Assignments
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Table 5.1: Separation Time for Multipass Measurements for Different Analytes

Precursor Ion Number of Passes Separation Time (ms)
1,2-s-GAAAK
(M + H)T (m/z 790.4) 10 270
1,2-s-GAAAK
(M +H-Np)" (m/z762.4) 20 508
1,4-s-GAAAK
(M + H)" (m/z 790.4) 10 300
1,4-s-GAAAK A o
(M +H-N2)" (m/z762.4)
1,2-s-GAAAR
M+ H)™ (m/z 818.4) 7 180
1,2-s-GAAAR
(M +H=No)* (mz7904) 12 374
1,4-s-GAAAR
(M +H)* (m/z 818.4) 10 300
1,4-s-GAAAR A o

(M + H — No)+ (m/z 790.4)

Table 5.2: Accurate Mass Measurements of UVPD-MS? of (1,2-s-GAAAK + H)*

Error
m/z Ion Formula Neutral Loss Ion Assignment

(mmu)

790.3957 CsgHs2N11038 -3.8

762.3899  C3gH52NgOsg -3.4 No

744.3795  C3sHs0NgO7 -33 H2aN-2O —-No-H20
671.3480 C32H47NgOsg -3.1 CgHsN3 —N2—-CgHsN
634.2956  C32H40N7O7 -2.8 CsH12N4O —No—[Lys]
563.2588 Ca9H35Ng0¢ -2.5 CoH17N509 —No—[AlaLys]
5403117  Co4HyaN7O7 -2.3 C14H10N4O

492.2221 Cgo6H30N505 -2.0 C12H22NgO3 —Ny—[AlaAlaLys]
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)
4542066 Ca3HogN505 -1.9 C15H24NgO3 m/z 671-LysOH—-[Ala]
421.1853  Cao3HosN4Oy4 -1.7 C15H27N7Oy4 —Ny-[AlaAlaAlaLys]
417.2440 Cy17H33NgOg -1.6 C21H19N504 Vs
383.1699  CyoHa3N4Oy -1.5 C18H29N7 Oy m/z 454—[Ala]
364.1641 C1H29N303 -1.5 C17H30NgO5 —No—[GlyAlaAlaAlaLys]
346.1537 Cy1HoN302 -1.3 C17H32NgOg m/z 364-H,0
312.1330 Cy7H;18N303 -1.3 Co1H34NgO5 m/z 454—[AlaAla]
289.1860 C12Ho5N4Oy4 -1.0 Co6Ho7N7Oy y3
271.1391 Cy1H19N4O4 -1.0 Ca7H33N704
256.1071 Cy14H14N309 -1.0 C24H33NgOg
255.1119  Cy15H15N209 -0.9 Ca3H37NgOg m/z 454—[GlyAlaAla]
243.1443  CypH19N4O3 -0.9 CasH33N705
239.0806 C14H11N20O9 -0.9 Co4H41NgOg
229.1089  C14H15NO, -0.8 Co4H37N190¢
221.0701  Cy4HgN>O -0.8 C24H43NgO7 m/z 346-C7H;1NO
Table 5.3: Accurate Mass Measurements of CID-MS? of (1,2-s-GAAAK + H)*
m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)
790.3978 C3sH52N110g -1.7
762.3915  C3g3H5aNgOg -1.8 No
744.3817 CsgH50NgO7 -1.1 H2N->O —-Ny-H50
656.3392  C39Hy6N7Og -1.0 CgHgNy —Ny—phenyldiazene
634.2973  C32H40N70O7 -1.1 CgH12N4O —No—[Lys]
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(Continued)

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
563.2601 Ca9H35N60¢ -1.2 CoH;7N502 —No—[AlaLys]
492.2232 C26H30N505 -1.0 C12H22N603 —N2—[AlaAlaLys]
421.1864 C23H25N404 -0.6 C15H27N704 —N2—[AlaAlaAlaLys]
364.1650 C21H22N303 -0.6 C17H30N805 —Ng—[GlyAlaAlaAlaLys]

Table 5.4: Accurate Mass Measurements of CID-MS? of ion (1,2-s-GAAAK + H —Ny)T
Generated by CID of (1,2-s-GAAAK + H)™

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

762.3918 C3gH5oNgOg -1.5
744.3814  CsgH59NgO7 -1.4 H>0
734.3970  Cs7H52NgO7 -1.4 CcO
717.3705 Cs7H49NgO7 -1.4 CH3NO —CO-NH;
691.3550 CssHy7NgO7 -1.2 CsH5;NO —[Ala]
671.3499 C32H47NgOg -1.2 CgHsN
654.3233 C39H44N7Og -1.3 CgHgNy —phenylhydrazine
634.2972  CsaHyoN7O7 -1.2 CgH12N2O —[Lys] (B5)
626.3285 C31H44N7O7 -1.2 C7HgN2O m/z T17-CgHsN
616.2867 C392H33N7Og -1.1 CgH14N202 bs
583.2864 CogH39NgO7 -1.1 CyoH13N30 —phenylhydrazine—[Ala]
563.2601 Ca9H35NgO0g -1.2 CoH17N302 —[AlaLys] (84)
545.2497 Cgo9H33NgO5 -1.0 CoH19N303 by
538.2650 Ca3H36N50¢ -1.0 C10H16N402 m/z 583—-CO-NH3
525.2446 CyH33NgOg -1.0 C12H19N309 b5—CgHsN
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

4922232  CoH39N505 -0.9 C12H2oN4O3 —[AlaAlaLys] (3)
474.2127 CogHogN50y4 -0.9 C12H24N4Oy bs
467.2281 Co5H31N4O5 -0.8 C13H21N503 m/z 538—[Ala]
4542077 Ca3HagN505 -0.8 C15H24N4O3 by—CgHsN
421.1863 Co3Ha5N4Oy4 -0.7 C15H27N504 —[AlaAlaAlaLys] (32)
403.1758 Ca3H23N403 -0.7 C15H29N505 by
383.1708 CyoH23N40y4 -0.6 C1gH29N504 bs—CgHsN
364.1650 C31H29N303 -0.6 C17H39NgO5 —[GlyAlaAlaAlaLys] (1)
346.1545 Cy1H29N302 -0.5 C17H32NgOg by
312.1338 Cy17H13N303 -0.5 C21H34NgO5 ba—CgHsN

Table 5.5: Accurate Mass Measurements of CID-MS? of ion (1,2-s-GAAAK + H —Nj)*
Generated by UVPD of (1,2-s-GAAAK + H)™

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

762.3898 CsgHsaNgOg -3.5
744.3795 CsgHsoNgO7 -3.3 H>0O
734.3951 Cs7H52NgO7 -3.3 CO
654.3216 C39H44N7Og -3.0 CgHgNo —phenylhydrazine
634.2956  C32H40N7O7 -2.8 CgH12N2O —[Lys] (B5)
563.2586 Ca9H35N3Og 2.7 CoH17N302 —[AlaLys] (84)
492.2220 CogH3gN505 2.1 C12H922N4 O3 —[AlaAlaLys] (3)
454.2065 Cao3H2gN505 -2.0 C15H24N4 O3 by—CgHsN
421.1852 Ca3Ha5N40y4 -1.8 C15H97N504 —[AlaAlaAlaLys] (82)
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(Continued)

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
383.1698 Co9Ha3N,404 -1.6 C18H29N504 b3—CgHsN
364.1640 C21H22N3 03 -1.6 C17H30N605 —[GlyAlaAlaAlaLys] (51)
312.1330 C;7H15N303 -1.3 C21H34NgO5 by—CeHsN

Table 5.6: Accurate Mass Measurements of CID-MS? of (1,2-s-GAAAK-OCH3 + H)™

Error
m/z Ion Formula Neutral Loss  Ion Assignment
(mmu)
804.4135 Cg9H54N110g -1.6
776.4066 C39H54NgOsg 24 Ny
670.3552 C33H48N708 -0.7 C6H6N4 —Ng—phenyldiazene

Table 5.7: Accurate Mass Measurements of UVPD-MS? of (1,2-s-GAAAK-OCH3 + H)*

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

804.4128 C39Hs4N7110g -2.3
776.4064  C39H54NgOg -2.6 Ny
685.3649  C33H49NgOg -1.9 CsHsN3 —No—CgH5N
670.3543  C33HysN7Og -1.6 CeHgNy —Ns—phenyldiazene
668.3388 C33Hy46N70Og -1.4 CgHgNy —Ny—phenylhydrazine
616.2864 C32H33N7Og -1.4 C7H16N409 bs—Na
525.2444  Cy6H33NgOg -1.2 C13H21N509 bs—No—CgHsN
4742125 CosHogN504 -1.1 Ci13H26NgO4  b5—No—phenylhydrazine
4542073  Ca3HogN505 -1.2 C16H26NgO3 bs—N9—CgHsN
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

431.2603 C1gH35NgO6 -1.0 C21H19N509 V5
403.1756 C93Ho3N403 -0.9 Ci16H31N70O5  b4—No—phenylhydrazine
383.1705 CyoHa3N4O4 -0.9 C19H31N704 b3—Ny—CgHsN
346.1543  Cy1HoN309 -0.7 C18H34NgOg m/z 403—-[Gly]
312.1336  C17H18N303 -0.7 Ca9H36NgO5 ba—No—CgH5sN
303.2021 C;y3H27N40O4 -0.6 Ca6H27N70Oy4 y3
2711396  C11H19N4Oy4 -0.5 CogHs3sN704
255.1123  Ci5H15N209 -0.5 Ca4H39NgOg m/z 312-[Gly]
232.1651 CjpH22N303 -0.5 Co9H32NgO5 y2

Table 5.8: Accurate Mass Measurements of CID-MS3 of (1,2-s-GAAAK-OCH;5 + H-Ny)*
Generated by CID of (1,2-s-GAAAK-OCH3 + H)™

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

776.4074 Cs9H54NgOg -1.6
758.3972  C39H52NgOy7 -1.2 H,O
748.4125 CsgH54NgO7 -1.6 CO
705.3707 CsgHy9NgO7 -1.2 CsHsNO —[Ala]
685.3656  C33H49NgOg -1.2 CgHsN
668.3390 Cs3Hy6N7Og -1.2 CgHgNa —phenylhydrazine
640.3444 C39HysN7O7 -0.9 C7HgN>O —phenylhydrazine-CO
597.3023 Cg9Hy41NgO7 -0.8 CoH13N3O  —phenylhydrazine—[Ala]
554.2601 CogHsN507 -0.8 C11H18N4O
545.2498 Co9Hs33NgO5 -0.9 C10H21N303 by
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)
525.2448 Cy6H33NgOg -0.8 C13H21N309 b5—CgHsN
474.2127 CogHogN50y4 -0.9 C13HoN4Oy bs
4542075 Cg3HagN505 -1.0 C16H26N403 bs—CgHsN
403.1757 Cg93Ha3N403 -0.8 C16H31N505 by
383.1706 CooH23N4Oy4 -0.8 C19H31N504 bs—CgHsN
346.1544 Cy1H20N309 -0.6 C18H34NgOg by
312.1337 Cy17H18N303 -0.6 Ca9H36NgO5 ba—CgHsN
255.1125 Cy15H15N209 -0.3 C24H39N7Og b1-CgHsN

Table 5.9: Accurate Mass Measurements of CID-MS? of (1,2-s-GAAAK-OCH;3 + H —

N5)™ Generated by UVPD of (1,2-s-GAAAK-OCH3 + H)*"

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

776.4069 Cs9H54NgOg 2.1
748.4120 CsgH54NgO7 2.1 CO
732.4173 CsgH54NgOg -1.9 CO,
705.3700 C36H49NgO7 -1.9 C3sHsNO —[Ala]
685.3650 C33H49NgOg -1.8 CgHsN
683.3494 C33H47NgOg -1.7 CgH7N
668.3385 C33H45N7Og -1.7 CgHgN> —phenylhydrazine
640.3438  Cs3oHy46N7O7 -1.5 C7HgN2O —phenylhydrazine—CO
597.3017 C39H41NgO7 -14 C9Hi3N3O  —phenylhydrazine—[Ala]
545.2495 Co9Hs33NgO5 -1.2 C10H21N303 by
525.2444  CogHs33NgOg -1.2 C13H21N309 b5—CgHsN
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)
4742125 Co6HogN504 -1.1 C13H26N404 bs
4542073 Co3HogN505 -1.2 C16H26N403 by—CeHsN
403.1755 Ca3Ha3N403 -1.0 C16H31N505 by
383.1704 CyoH23N404 -1.0 C19H31N504 bs—CgHsN
346.1542  Cy1HpgN30- -0.8 C18H34NgOg b1
312.1336  Cy17H18N303 -0.7 C22H36NgO5 ba—CgHsN
255.1123  Cy5H15N209 -0.5 C24H39N7Og b1—-CgHsN

Table 5.10: Accurate Mass Measurements of UVPD-MS? of (1,4-s-GAAAK +H)*

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
790.3972  CsgH59N7110g 2.3
762.3908 C33H52NgOg -2.5 Ny
671.3495 C3oH47NgOsg -1.6 CgHsN3 —No—CgHsN
634.2969  C392HyoN7O7 -1.5 CgHi12N4O —No—[Lys]
589.2756  C31H37NgOg -1.3 C7H15N509 m/z 634-NH3-CO
563.2597 Cg9Hs5NgOg -1.6 CoH17N509 —No—[AlaLys]
535.2651 CagH35NgO5 -1.2 C10H17N503 m/z 563—-CO
518.2386  Ca3H32N505 -1.2 C10H20NgO3 m/z 589—[Ala]
4922230 CosH30N505 -1.1 C12H29NgO3 —No—[AlaAlaLys]
4742125 CoHagN504 -1.1 C19H24NgOy4 b3—Ny
464.2282  Cy5H39N504 -1.0 C13H22NgOy4 m/z 492-CO
4542075 Ca3H2gN505 -1.0 C15H24NgO3 by—No—CgHsN
447.2015 Co5Ho7N4Oy4 -1.2 C13HosN70Oy4 m/z 464-NH3s
421.1860 Ca3H25N404 -1.0 C15H27N70Oy4 —No—[AlaAlaAlaLys]

207



(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
403.1756  Ca3H23N4O3 -0.9 C15H29N7O5 ba—Ny
383.1706  CooH23N4O4 -0.8 C18Ho9N7Oy m/z 454—-[Ala]
364.1648 Cy1H22N303 -0.8 C17H390NgOs —No—[GlyAlaAlaAlaLys]
336.1700  CypH22N309 -0.7 C18H30NgOg m/z 364-CO
313.1177 Cy7H17N204 -0.6 C21H35N904
265.0967 Cy16H13N209 -0.5 Ca9H39NgOg
239.0810 Cy4H;1N209 -0.5 C24H41NgOg m/z 364—-C7H;1NO
228.1015  Cy4H14NOq -0.4 Ca4H38N100¢6
221.0705  C14HgN2O -0.4 C24H43NgO7 b1-No—C7H11NO

Table 5.11: Accurate Mass Measurements of CID-MS? of (1,4-s-GAAAK + H)™

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
790.3976  C33H5aN110g -1.9
762.3912  C3gH52NgOg 2.1 Ny
744.3821 C33H50NgO7 -0.7 HyN2O —N3-H30
656.3395 Cs39Hy6N7Og -0.7 CgHgNy —Ny—phenyldiazene
634.2977 CsaHyoN7O7 -0.7 CgH12N4O —No—[Lys]
563.2602  Ca9H35NgO0g -1.1 CoH17N50- —Ny—[AlaLys]
4922233  CoH39N505 -0.8 C12H2oNgO3  —Nao-[AlaAlaLys]

Table 5.12: Accurate Mass Measurements of CID-MS? of (1,4-s-GAAAK-OCH3 + H —
N2)™ Generated by CID of (1,4-s-GAAAK + H)™"

m/z

Ion Formula Error (mu) Neutral Loss

Ion Assignment

762.3912

C3gH52NgOg

-2.1




(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
744.3810 CsgHs9NgO7 -1.8 Hy0
734.3966 Cs7H52NgO7 -1.8 CcO
654.3230 C39H44N~Og -1.6 CgHgNo —phenylhydrazine
634.2967 Cs2HyoN;O7 -1.7 CgH12N2O —[Lys] (85)
616.2865 C32H33N7Og -1.3 CgH14N209 bs
563.2596 Ca9H35Ng0¢ -1.7 CoH17N30- —[AlaLys] (54)
545.2495 Cy9H33NgOs -1.2 CoH19N303 by
535.2651 CygH35NgO05 0.1 C10H17N303 m/z 563—-CO
525.2445 Cy6H33NgOg -1.1 C12H19N309 b5—CeHsN
518.2385 CygH3aN505 -1.3 C10H20N403 m/z 535-NH3
492.2227 CogH3oN505 -14 C12H2oN4O3 —[AlaAlaLys] (83)
4742124  CoHogN504 -1.2 C12H24N4Oy b3
4542074 Ca3H2gN505 -1.1 C15H24N4 03 bs—CeHsN
4472015 Co5H27N4Oy4 -1.2 C13H25N504 b3—CO-NH3
421.1859 Ca3HosN4Oy4 -1.1 CisHo7N504 —[AlaAlaAlalys] (52)
403.1754 Ca3H23N4O03 -1.1 C15H29N505 by
383.1704 CyoH23N404 -1.0 C18H29N504 bs—CgHsN

Table 5.13: Accurate Mass Measurements of CID-MS? of (1,4-s-GAAAK-OCH3 + H —
N3)™ Generated by UVPD of (1,4-s-GAAAK + H)*

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
762.3912  CsgH52NgOg 2.1
744.3810 CsgHs9NgO7 -1.8 Hy0
634.2966 C32H40N7O7 -1.8 CgH12N20 —[Lys] (85)
606.3020 C31H4oN7Og -1.5 C7H12N209 B5—CO
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(Continued)

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
588.2914 C31H33N705 -1.5 C7H14N303 B5—CO-H20
563.2596 Ca9H35N3O0g -1.7 CoH17N309 —[AlaLys] (84)
535.2649 CygH35Ng05 -1.4 C10H17N303 B4—CO
517.2543  CaogHj33NgOy4 -1.5 C10H19N304 54—CO-H20
4922228 CoH39N505 -1.3 C12H29N4 O3 —[AlaAlaLys] (f3)
464.2280 Co5H39N504 -1.2 C13H29N4Oy4 B3—-CO
447.2015 Co5Ho7N4Oy -1.2 C13Ho5N504 B3—CO-NH3
421.1858 Ca3Ha5N404 -1.2 CisHo7N504  —[AlaAlaAlaLys] (52)

Table 5.14: Accurate Mass Measurements of UVPD-MS? of (1,2-s-GAAAR + H)*
m/z Ion Formula Brror Neutral Loss Ion Assignment

(mmu)

818.4032 CsgH59N130s5 2.4

790.3970 Cs3sH52N110g -2.5 Ny

762.4025 Cs37H52N1107 2.1 CN20 —No—CO

699.3554 C32H47N1¢Og -1.9 CgHsN3 —No—CgHsN

653.3502 C31H45N190¢ -1.6 C7H7N30, —No—C7H7NO,

563.2598 Cg9H35NgOg -1.5 CoH17N7O9 —No—[AlaArg]

4922230 CoH39N505 -1.1 C12H29NgO3 —No—[AlaAlaArg]

454.2075 Cao3HogN505 -1.0 C15H24NgO3 bs—No—CgHsN

421.1861 Co3Ho5N404 -09 Ci5Ho7NgOy -Ny—[AlaAlaAlaArg]

410.2137 Cy17H2sN7Os5 -0.9 C21H24NgO3

383.1706  CyoH23N4O4 -0.8 C18H29NgOy4 b3—No—CgH5N

364.1648 Co1H9oN30g3 -0.8 C17H30N19O5 —Na—[GlyAlaAlaAlaArg]

353.1924  Cy5H25NgO04 -0.8 Ca3H27N7 Oy m/z 410—-[Gly]
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

346.1543  Co1HoN30- -0.7 C17H32N100¢6 b1-Ny
312.1336  C17H18N303 -0.7 C21H34N1905 ba—No—CsHsN
300.1660 Ci2H22N504 -0.6 Ca6H39N5O4

282.1555 Ci9H90N503 -0.6 Co6H32NgO5 m/z 300-H20
271.1396  C11H19N4Oy4 -0.5 Co7H33NgOy4

256.1075 Cy4H14N309 -0.6 C24H3sN1906

254.1607 C11HgoN50- -0.5 C27H32NgOg

246.1556  CgHsoN503 -0.5 C29H32NgO5

243.1447 CyoH19N4O3 -0.5 CasH33NgO5

239.0810 Ci4H;11N20- -0.5 C24H41N1106

238.0970  C14H12N30 -0.5 Co4H4oN19O7

229.1291  CgH17N4O3 -0.4 C29H35Ng05

Table 5.15: Accurate Mass Measurements of CID-MS? of 47 Generated by UVPD of (1,2-
s-GAAAR + H)"

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)
790.3977 Cs33H52N110g -1.8
772.3870 CsgH50N1107 -1.9 H20
762.4029 Cj37H52N1107 -1.7 CO
7473919 C37H51N1007 -1.8 CHNO
730.3655 C37HygNgO7 -1.6 CH4N>O
698.3479  C32H46N19O0s -1.6 CgHgN
653.3504 C31Hy45N190¢ -1.4 C7H7NO-
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

634.2971  C32H40N7O7 -1.3 CgH12N4O —[Arg] (B5)
563.2600 Cq9Hs5NgOg -1.3 CoH17N50- —[AlaArg] (84)
545.2495 Cg9H33NgOs -1.2 CoH19N503 by
525.2444  CyH33NgOg -1.2 C12H19N509 B5—CgHsN-Ho0O
492.2231  CogH3oN505 -1.0 C12H22NgO3 —[AlaAlaArg] (83)
474.2125 CogHogN50y4 -1.0 C12H24NgOy4 b3
4542075 Ca3H2gN505 -1.0 C15H24NgO3 B4—CgHsN-H50
421.1861 Co3HosN4Oy4 -0.9 C15H27N7Oy4 —[AlaAlaAlaArg] (52)
410.2139  Cy17H2sN7O5 -0.7 C21H24N4 O3
403.1756  Ca3H23N4O3 -0.9 C15H29N7O5 bo
388.1761  Cq2H29oN50- -0.7 C16H30NgOg
364.1649 Cy1H9oN303 -0.7 C17H30NgO5 —[GlyAlaAlaAlaArg] (51)
353.1925 Cy5H25NgO04 -0.7 Ca3H27N504 m/z 410—-[Gly]
346.1544  Cy1HoN30- -0.6 C17H32NgOg b1
282.1556  Ci2H90N503 -0.5 CosH32NgO5 m/z 353—[Ala]

Table 5.16: Accurate Mass Measurements of CID-MS? of (1,2-s-GAAAR + H)™

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
Error
m/z Ion Formula Neutral Loss Ion Assignment
(mu)
818.4039 C33H52N130g8 -1.7
790.3971 Cs33H52N110g 2.4 Ny
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Table 5.17: Accurate Mass Measurements of CID-MS? of 4+ Generated by CID of (1,2-s-

GAAAR + H)™
m/z Ion Formula frror Neutral Loss Ion Assignment
(mmu)
m/z Ion Formula Brror Neutral Loss Ion Assignment
(mu)
790.3980 Cs33H52N110g -1.5
772.3875 C3gH50N1107 -1.4 H20
762.4030 Cs37H52N1107 -1.6 CcO
7553610 C33H47N19O7 -1.4 H5;NO m/z 772-NH3s
7473926 Cs37H51N19O7 -1.1 CHNO
745.3768 C37H49N19O7 -1.2 CH3NO m/z 762-NHjs
730.3660 Cs7HysNgO7 -1.1 CH4N>O m/z 747-NH3z
702.3347  C35H44NgO7 -1.1 C3HgN2O
698.3483  C32H46N190s -1.2 CgHgN
653.3505 C31Hy45N190¢ -1.3 C7H7NO-
634.2973  C32H40N;O7 -1.1 CgH12N4O —[Arg] (B5)
563.2603 Cg9H35NgOg -1.0 CoH17N50, —[AlaArg] (54)
545.2499  Cq9Hs33NgOs5 -0.8 CoH19N503 by
525.2448 Co6Hs3NgOg 4.3 C12H19N509 b5—CgHsN
492.2232  CogH3oN505 -0.9 C12H22NgO3 —[AlaAlaArg] (53)
4742128 CHagN504 -0.8 C12H24NgOy4 bs
4542078 Ca3HogN505 -0.7 C15H24NgO3 by—CeHsN
421.1864 Co3HosN4Oy -0.6 C15H27N7Oy —[AlaAlaAlaArg] (52)
410.2140  Cy17H2sN7Os5 -0.6 C31H24N4O3
403.1759  Co3H23N4 O3 -0.6 C15H29N7O5 bo
388.1763  Ca2H22N509 -0.5 C16H30NgOg
383.1709  CgoH23N4O4 -0.5 C18H29N7 Oy bs—CgHsN
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(Continued)

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
364.1651 C21H22N303 -0.5 C17H30N805 —[GlyAlaAlaAlaArg] (,31)
353.1927 Ci5H95NgO0y4 -0.5 Co3Ho7N504 m/z 410—-[Gly]
346.1545 Co1HogN30, -0.5 C17H32Ng0g by
282.1557 C12H20N503 -04 C26H32N605 m/z 353—[A1a]

Table 5.18: Accurate Mass Measurements of CID-MS? of (1,2-s-GAAAR-OCH; + H)*

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
832.4191 C39H54N130sg 2.2
804.4120 C39H54N110sg -3.1 No

Table 5.19: Accurate Mass Measurements of UVPD-MS? of (1,2-s-GAAAR-OCHj; + H)™

Error
m/z Ion Formula Neutral Loss Ion Assignment

(mmu)

832.4184 C39H54N;130g -2.3

804.4117 CsyoHsNy O -34 N,

787.3858 CsgHz;N1gOs  -2.8 H;3N; ~N,-NHj
7133704 C33HyN1gOs 2.5 CeHsNj ~Ny-CgH5N
654.3226  C35H1N;Og 2.0 C7H;oNy

582.3340  Co5HugNoO7 1.8 C14HsN4O 6

5452490  CagH33NgO5 17 C1oH21N705 bs-N

4912386  CaHy1NgO4 1.5 C13H23N704  —No—[ArgOCH;-NH;] —[AlaAla]
4742121  CagHagN5Oy 1.5 C13H26N5Os b3-No
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

4422395 Cy13H3aN7Og -1.4 C21H29NgO2
420.2018 Co3HoN503 -1.2 C16H2gNgO5 m/z 491-[Ala]
403.1753  Co3Ho3N4Os3 -1.2 C16H31NgO5 ba—No
385.2182  C14H29NgOs5 -1.2 Co3HosN7O3 m/z 442—-[Gly]
363.1805 Cy1H23N4Oo -1.1 C18H31NgOg m/z 491-[GlyAla]
346.1540 Cy1H29N309 -1.0 C18H34N1906 b1—-Ny
314.1814 Ci3H24N504 -0.9 Co6H39NgOy m/z 385-[Ala]
271.1394  C11H19N4Oy -0.7 CasH35NgOy4
263.0921  Cy5H11N4O -0.6 C24H43NgO7
243.1445 Ci9H19N4O3 -0.7 Ca9H35NgO05 m/z 314—[Ala]
235.0972 Ci14H11Ny -0.6 Ca5H43NgOg m/z 263-CO

Table 5.20: Accurate Mass Measurements of CID-MS? of (1,2-s-GAAAR-OCH;3 + H —

N5)™ Generated by UVPD of (1,2-s-GAAAR-OCH3 + H)™

m/z Ion Formula Frror Neutral Loss Ion Assignment
(mmu)

804.4127 C39H54N110g -3.1
787.3862 C39H51N190g 2.4 H3N -NHs
769.3760 C39H49N19O7 -2.0 HsNO —-NH3-H>0
762.3914  C3gH52NgOg -1.9 CH3Ny
759.3917 C3gH51N19O7 -2.0 CH3NO -NH;3-CO
716.3496  C36HysNgO7 -1.9 C3HgN-2O —NH3-[Ala]
645.3129  C33H41NgOg -1.5 CgH13N30- —NH3-[AlaAla]
633.3128 C32H41NgOg -1.6 C7H;3N309 —[ArgOCH3-NH3]
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)
616.2864 C32H3sN7Og -1.4 C7H16N4O9 bs
588.2914  C31H3sN705 -1.5 CgHiN4O3 b5—CO
587.2711 C30H35NgO5 -1.4
562.2758 Cq9H3N7O5 -1.4 C10H18N4O3 —[ArgOCH3-NH3]-[Ala]
545.2493  Co9H33NgO5 -1.4 C10H21N503 by
517.2545 Cy3H33NgO4 -1.3 C11H21N504 by—CO
516.2341  Co7H39N7Oy4 -1.3 C19H24N4Oy m/z 587-[Ala]
491.2389  CosH31NgOy4 -1.2 C13H23N504 —[ArgOCH3-NH3]-[AlaAla]
474.2122  CogHogN50y4 -1.4 C13H26NgOy4 bs
4422397 C1gH3aN7Og -1.2 C21H29N509
420.2019  Ca3H96N503 -1.1 C16HogNgO5 —[ArgOCH3-NHs]-[AlaAlaAla]
403.1753  Ca3H23N4 O3 -1.2 C16H31N7O5 b
388.1758  Cg2H22N50- -1.0 C17H32NgOg
363.1807 Co1Ha3N4Oo -0.9 C18H31N7Og by;—CO-C7H7NO2—NH3
346.1540 Cy1HyoN309 -1.0 C18H34NgOg by
314.1816  C13H24N504 -0.7 Co6H39NgOy4
263.0922  Ci5H11N4O -0.5 C24H33N707
238.0970  Cy4H12N30 -0.5 Ca5H32N5O7

Table 5.21: Accurate Mass Measurements of CID-MS? of (1,2-s-GAAAR-OCH3 + H —
N5)* Generated by CID of (1,2-s-GAAAR-OCH3 + H)™*

Error
m/z Ion Formula Neutral Loss Ion Assignment
(mmu)
804.4124 C39H54N7110g 2.7
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(Continued)

m/z Ion Formula Brror Neutral Loss Ion Assignment
(mmu)

787.3857 C39H51N190g 2.9 HsN -NHj
769.3756  C39H49N19O7 2.4 HsNO -NH3-H20
762.3910 Cs33H52NgOsg -2.3 CH3Nsy
716.3492  C36Hy6NgO7 2.3 C3HgN2O —NH3-HyO-[Ala]
654.3226  C3oH44N7Osg -2.0 C7HioNy
633.3125 C32H41NgOg -1.9 C7H;3N309 —[ArgOCH3-NH3]
616.2860 C32H3gN7Og -1.8 C7H16N4O5 bs
587.2708 C3pHssNgOs5 -1.7 CoH19N303
562.2755 Ca9H36N70Os5 -1.7 C10H18N403 —[ArgOCH;3-NH3]-[Ala]
5452490 Cq9H33NgOs -1.7 C10H21N503 by
516.2338  Co7H39N;Oy4 -1.6 C19H24N4Oy m/z 587—-[Ala]
491.2386  CH31NgOy4 -1.5 C13H23N504 —[ArgOCH3-NH3]-[AlaAla]
4742120 CoHogN50y4 -1.6 C13H26NgOy4 b
4542071 Co3HogN505 -1.4 C16H26NgO3 by—CeHsN
445.1969 C24H25NgO3 -1.4 C15H29N505
4422394  C1gH3aN7Og -1.5 C21H29N4O9
420.2017  Ca3HoeN503 -1.3 C16H2ogNgO5 —[ArgOCH3-NH3]-[AlaAlaAla]
403.1752  Ca3H23N4 O3 -1.3 C16H31N7O5 by
388.1756  Cy2H22N509 -1.2 C17H32NgOg m/z 445-|Gly]
363.1805 Cy1H23N4Oo -1.1 Ci1gH31N7Og —[ArgOCH3-NH3]-[GlyAlaAlaAla]
346.1539  Cy1HooN30- -1.1 C18H34NgOg by
314.1814 C13Ho4N504 -0.9 Co6H39NgO4
263.0920 Cy;5H11N4O -0.7 Co4H41N7O7
238.0969  C14H12N30 -0.6 Ca5H4oNgO7
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Table 5.22: Accurate Mass Measurements of UVPD-MS? of (1,4-s-GAAAR + H)*
m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
818.4040 C33H52N130s8 -1.6
790.3973  C3sHs52N7110g 2.2 Ny
762.4031 Cs7H59N1107 -1.5 CN,O -N2—CO
699.3560 C392H47N19Og -1.3 CgHsN3 —Ny—-CgHsN
653.3506 C31Hy5N190¢ -1.2 C7H7N30, —Ny—C7H7NO,
563.2603 Cy9H35Ng0¢ -1.0 CoH17N7O9 —Ny—-[AlaArg]
545.2498  Ca9H33NgOs5 -0.9 CoH19N7O3 bs—No
492.2233  C96H3oN505 -0.8 C12H22NgO3 —No—[AlaAlaArg]
474.2127 CogHogN50y4 -0.9 C12H24NgOy b3-Ny
464.2284  Co5H39N504 -0.8 C13H22NgOy m/z 492-CO
454.2077 Co3HogN505 -0.8 C15H24NgO3 bs—No—CsH5sN
447.2020 Co5Ho7N4Oy4 -0.7 C13Ho5N9gOy4 m/z7 492—CO-NH3
421.1863 C93H95N40y4 -0.7 Ci15H27NgO4 —Ny—[AlaAlaAlaArg]
403.1757 Co3H23N4Os3 -0.8 C15H29NgO5 bo—No
353.1927 Ci5H25NgOy4 -0.5 Ca3Ho7N7Oy4
300.1662  C12H22N504 -0.4 Co6H3oNgOy
282.1557 Cy12Hy9N503 -0.4 Co6H32NgO5 m/z 353—-[Ala]

Table 5.23: Accurate Mass Measurements of CID-MS? of (1,4-s-GAAAR + H)*

m/z

Ton Formula

Error (mu) Neutral Loss

Ion Assignment

818.4038 C3gHs2N;1303
790.3967 C33Hs2N711038

-1.8
-2.8

Ny
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Table 5.24: Accurate Mass Measurements of CID-MS? of (1,4-s-GAAAR + H — Ny)*
Generated by CID of (1,4-s-GAAAR + H)™

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
790.3975 Cs3sH52N110g -2.0
773.3712  C3gH49N1¢Og -1.7 HsN -NHj;
7723871 C33H50N1107 -1.8 H>0
762.4036 C37H52N1107 -1.0 (¢0)
745.3768 Cs37Hy9N19O7 -1.2 CH3NO -NH;3-CO
730.3657 C37H4sNgO7 -1.4 CH4N,O —NH;3-CHNO
702.3345  C35H44NgO7 -1.3 C3HgN,O —NH;3-[Ala]
653.3505 C31Hy45N190¢ -1.3 C;H7NO9
634.2973  C32H40N7O7 -1.1 CgH12N4O —[Arg] (B5)
616.2866 C3oH3sN7Og -1.2 CgH14N4Oo bs
563.2600 Cg9H35NgOg -1.3 CoH17N50- —[AlaArg] (B4)
545.2496  Ca9H33NgOs -1.1 CoH19N503 by
535.2654 Cy3H35NgO5 -0.9 C10H17N3503 by—CO
518.2387 CagH32N505 -1.1 C10H20NgO3 by—CO-NHj;
4922230 Co6H30N505 -1.1 C19H99NgO3 —[AlaAlaArg] (B3)
4742125 CoHagN504 -1.1 C192H24NgOy4 bs
464.2283  Co5H30N504 -0.9 C13H22NgOy B3—CO
4472016  Co5H27N4Oy4 -1.1 C13H25N704 B3—CO-NH3
421.1862 Co3Ho5N404 -0.8 Ci5Ho7N7O4  —[AlaAlaAlaArg] (52)
403.1755 Co3Ho3N4Os3 -1.0 C15Ho9N7O5 ba
375.1696  Co3H23N203 -0.7 C15H29NgO5
353.1924  Cy5Ha5NgOy4 -0.8 Ca3H27N504
318.1594  Co9HooN30 -0.7 C18H32NgO7
282.1555 Ci9H90N503 -0.6 Co6H32NgOs5 m/z 353—[Ala]
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Table 5.25: Accurate Mass Measurements of CID-MS? of (1,4-s-GAAAR + H — Ny)*
Generated by UVPD of (1,4-s-GAAAR + H)™"

m/z Ion Formula Error (mu) Neutral Loss Ion Assignment
790.3976  C33H52N110g -1.9
772.3873 Cs3sH50N1107 -1.6 H>0
762.4040 Cs37H52N1107 -0.6 CO
745.3765 C37Hy9N19O7 -1.5 CH3NO -NH3-CO
730.3657 Cs37HsgNgO7 -1.4 CH4N2O -NH;3-CHNO
702.3345  C35H44NgO7 -1.3 C3HgN2O —NH;3-[Ala]
653.3506 C31Hy45N190¢ -1.2 C7H7NO2
634.2972  C32HyoN7O7 -1.2 CgH12N4O —[Arg] (B5)
616.2866 C32H33N7Og -1.2 CgH14N409 bs
563.2600 Cq9Hs5NgOg -1.3 CoH17N509 —[AlaArg] (B4)
545.2497  Co9H33NgOs5 -1.0 CoH19N503 by
535.2653  Ca3H35NgOs5 -1.0 C10H17N503 B4—CO
518.2387  Ca3H32N505 -1.1 C10H20NgO3 B4—CO-NH3
492.2230 Co6H30N505 -1.1 C12H22NgO3 —[AlaAlaArg] (B3)
4742126  CH2gN504 -1.0 C12H24NgOy b3
464.2283  Co5H39N504 -0.9 C13H2oNgOy4 B3—-CO
454.2076  Co3HogN505 -0.9 C15H24NgO3 by—CgHsN
4472017 Co5H27N4Oy4 -1.0 C13H25N704 B3—CO-NH3
421.1861 Co3HosN4Oy4 -0.9 Ci5Hao7N7O4  —[AlaAlaAlaArg] (52)
403.1756  Ca3H23N4O3 -0.9 C15H29N7O5 ba
375.1696  Co3H23N203 -0.7 C15H29NgO5
353.1924  Cy5Ha5NgOy4 -0.8 Ca3H27N504
300.1660 Ci2H22N504 -0.6 Ca6H30NgO4
282.1555 Ci9H90N503 -0.6 Co6H32NgOs5 m/z 353—[Ala]
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5.2.5 Calculations

Structures of the conjugates and their dissociation products were generated by Born-Oppenheimer
molecular dynamics (BOMD) calculations that were run as 20 ps trajectories with 1 fs steps, using the
Berendsen thermostat!®! at 510, 610, and 810 K. Trajectory analysis confirmed that the systems were reach-
ing a near-stationary state after ca 16000 steps (16 ps), as determined by low root-mean-square deviations of
atomic Cartesian coordinates, so no longer trajectory runs were necessary because they generated only dupli-
cate structures. Initial protonation sites were chosen at different amide groups for the non-basic AAAG con-
jugates to be treated by BOMD. Since BOMD includes both electron and nuclear motion, the different proto-
nation sites coalesced by proton transfer to the most basic position. The initial protonation sites in GAAAK
and GAAAR conjugates were at the basic residues. The trajectory calculations were performed with PM6-
D3H4%! which complements the semiempirical Hamiltonian with dispersion and hydrogen-bonding inter-
actions, using the Cuby4 platform!”! and MOPAC.!®! Two hundred snapshots were selected at regular 100
fs intervals from the BOMD trajectories, and the structures were fully gradient-optimized with PM6-D3H4.
Several selected low energy structures were further optimized with B3LYP!®! with the 6-31+G(d,p) basis set.
These calculations were augmented by including empirical dispersion corrections (GD3-BJ)[19!11 and were
used to provide harmonic frequencies. Several low-energy structures were reoptimized with M06-2X!!?!
using the 6-31+G(d,p) basis set. The M06-2X/6-31+G(d,p) optimized geometries were used to calculate
single-point energies which were carried out with M06-2X and the def2qzvpp!'3! basis set (<5000 basis
functions). It should be noted that ion thermochemistry obtained at this level of theory is approximate within
an estimated 5-10 kJ mol™!,['?Il!4] and thus no efforts were made to derive the ion isomer equilibrium popula-
tions from the calculated Gibbs free energies (AGg 310). Another set of M06-2X/6-31++G(d,p) single-point
calculations were used to obtain charge densities according to Merz, Singh, and Kollman (MK).[!S1161 Aq]
the standard DFT calculations were run using Gaussian 16 (Revision B.01) that was licensed from Gaussian,
Inc. (Wallingford, CT). Collision cross sections in nitrogen were calculated by the modified ion trajectory
method (MobCalygpy)!!7118] using the MK charge densities. Standard van der Waals parameters for different

atom types were obtained from the MMFF94 data set.!'"!]
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5.3 Results and Discussion

5.3.1 Photodissociation and Crosslinking Yields of 1,2-s-GAAAK and 1,4-s-GAAAK
5.3.1.1 Spectra Interpretation of 1,2-s-GAAAK

UVPD at 213 nm of (1,2-s-GAAAK + H)™ (m/z 790) resulted in loss of Ny followed by backbone
dissociations of the (1,2-s-GAAAK + H — No)* ion (m/z 762, Figure 5.4 (a), Table 5.2 and 5.26). The
dissociations produced two main series of fragment ions. The sequential loss of [Lys], [Ala], and [Gly] gave
rise to ions at m/z 634, 563, 492, 421, and 364 (blue-annotated ions in Figure 5.4 (a)). These represented
the crosslinked fraction of (1,2-s-GAAAK + H — No)™ where dissociation started from the C-terminal Lys
residue while the carboxyl OH was retained in the 3,, ions. These crosslinked fragments were proved further
with 1,2-s-GAAAK analogue in which the 2,5-diaryltetrazole moiety was replaced by a benzamide group ,
annotated as (1,2-b-GAAAK + H)+ to exclude Ny loss (Figure 5.2). The other main series (green annotated
ions) started from (1,2-s-GAAAK + H — No)* by loss of C¢HsN (m/z 671) that was followed by regular
backbone cleavages forming the b,, ions at m/z 525, 454, 383, and 312. CID-MS? of (1,2-s-GAAAK + H)*
gave very similar results (Figure 5.1 (a), Table 5.3). CID-MS? of (1,2-s-GAAAK + H — Ny)* generated by
CID (Figure 5.3 (a)) and UVPD (Figure 5.5 (a)) gave very similar spectra that were dominated by the /3,
ions. In addition, CID-MS? led to a loss of CgHgNy (m/z 654) most likely phenylhydrazine, that has been

observed for other peptide-nitrile imine conjugates (Table 5.4, 5.5).120]

In contrast to the CID spectrum, UVPD of (1,2-s-GAAAK + H — N»)™ resulted in the loss of C¢H5N
followed by backbone cleavages forming the b,, ions (Figure 5.6 (a)). The Figure 5.5 (a) and 5.6 (a) data
apparently gave conflicting results, as the (3,, ions represented the crosslinked fraction whereas the b,, ions
were deemed to be indicative of the straight chain isomers. The different dissociations on CID and UVPD
can be explained by the very different modes of ion excitation. CID under multiple collision conditions

follows the slow heating internal energy build up,?!!

promoting low activation energy reactions. This is
depicted in Scheme 5.2 by proton transfer onto the phenylhydrazone moiety in crosslinked (1,2-s-GAAAK
+H —Ny)™, resulting in the weakening and cleavage of the lysine CO—O bond and triggering the formation

of the 3, ion series. In contrast, photoexcitation chiefly affects the aromatic ring chromophore, resulting

in a photochemical cleavage of the C—OCO bond that restores the open-chain lysine residue. The internal
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energy supplied by the photon (562 kJ mol~! at 213 nm) then drives standard peptide amide dissociations

forming the b,, ions.

Table 5.26: CID-MS* Fragments of (1,2-s-GAAAK + H — No)* m/z 762 from 1,2-s-
GAAAK Following UVPD at 213 nm

744 654 634 563 492 421
-H>0 —CgHsNo Bs5 By B3 B2
726 636 606 535 464 364
661 626 563 492 447 256
616 609 492 421 421 166
563 583 364 364 138
545 538 135
525 525 120
492 515

454 454

421 383

383

312

5.3.1.2 Spectra Interpretation of 1,4-s-GAAAK

The trans-1,4-cyclohexane conjugate 1,4-s-GAAAK was investigated by a combination of sequential
excitations by UVPD and CID (Table 5.10-5.13). The UVPD-MS? spectrum of (1,4-s-GAAAK + H)* (m/z
790) showed a series of (3, ions originating from the denitrogenated intermediate (1,4-s-GAAAK + H -
No)* (m/z 762, Figure 5.4 (b)). CID-MS? of (1,4-s-GAAAK + H — No)* (m/z 762, Figure 5.5 (b)) and
further CID-MS* of peaks originating from CID-MS? of (1,4-s-GAAAK + H — N»)* (Table 5.27) were
representative of the ion structure and dissociations. The spectrum showed a series of dominant 3,, ions
at m/z 634, 563, and 492 by sequential loss of [Lys] and [Ala] that resembled the analogous ion series
produced from the (1,4-s-GAAAK + H)™ ion (1,4-s-GAAAK + H — Ny)™. A minor C4gH5N loss on UVPD
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Scheme 5.2: Different Dissociations of Crosslinked Intermediate (1,2-s-GAAAK + H —
N2)* upon Collision Activation and 213 nm Photon Absorption.
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Figure 5.1: CID-MS? of (a) (1,2-s-GAAAK + H)* (m/z 790), and (b) (1,4-s-GAAAK +
H)™* (m/z 790). Fragment ion color-coding is as follows: Dark red: b,, and [y,, + 2H]" from
the precursor ion; green: b,, after loss of Ny and CgH5N; blue: 3, ions by loss of truncated
residues from crosslinks after loss of No. The aminocyclohexane carboxylic acid is counted
as the first residue in b,, and [3,, ions.
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Figure 5.2: CID-MS? of (1,2-b-GAAAK+ H)* (m/z 646). For ion color coding see text in
Figure 5.1.

was observed (m/z 671), but its subsequent backbone cleavage to form b,, ions was weak (m/z 525, 454,
383, Figure 5.5 (b)). CID-MS? of (1,4-s-GAAAK + H)* was similar to the UVPD spectrum, showing loss
of Ny and 3,, ions (Figure 5.1 (b)). Further UVPD at 213 nm of (1,4-s-GAAAK + H — N»)* resulted in
deep dissociation, forming the C14HgN2O and C;4H;1N2O5 ions that contained the diarylnitrile imine and
its oxygenated form, respectively (Figure 5.6 (b)). Prominent 5, and (b,, — C¢H5N) ion series were also
observed. We interpreted the UVPD and CID-MS" data as being indicative of prevalent crosslinking of Lys

to the transient nitrile imine.

5.3.1.4 Crosslinking Yields of 1,2-s-GAAAK and 1,4-s-GAAAK

Tons (1,2-s-GAAAK + H — N3)™ generated by UVPD at 250 and 213 nm exhibited high crosslinking
yields upon CID analysis, at 94% and 93% respectively (Table 5.28). Both UVPD-MS? of (1,4-s-GAAAK +
H)* and CID-MS3 of (1,4-s-GAAAK + H — Ny)* yielded substantial crosslinking percentages, at 78% and
97%, respectively (Table 5.28). The crucial role of the carboxyl group in crosslinking was emphasized by

comparing yields for (1,2-s-GAAAK-OCH3 + H)™ and (1,2-s-GAAAK + H)™, where carboxyl methylation
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Figure 5.3: CID-MS? of (a) (1,2-s-GAAAK + H — No)™ (m/z 762) generated by CID of
(1,2-s-GAAAK + H)™, and (b) (1,4-s-GAAAK + H — No)* (m/z 762) generated by CID of
(1,4-s-GAAAK + H)™. For ion color coding see text in Figure 5.1.
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Figure 5.4: UVPD-MS? at 213 nm of (a) (1,2-s-GAAAK + H)* (m/z 790), and (b) (1,4-s-
GAAAK + H)™ (m/z 790). For ion color coding see text in Figure 5.1.
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Figure 5.5: CID-MS? of (a) (1,2-s-GAAAK + H — N3)* (m/z 762) generated by UVPD of
(1,2-s-GAAAK + H)* at 213 nm, and (b) (1,4-s-GAAAK + H — No)* (m/z 762) generated
by UVPD of (1,4-s-GAAAK + H)™ at 213 nm. For ion color coding see text in Figure 5.1.
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Figure 5.6: UVPD-MS? at 213 nm of (a) (1,2-s-GAAAK + H — No)T (m/z 762) generated
by CID of (1,2-s-GAAAK + H)™, and (b) (1,4-s-GAAAK + H — Ny)™ (m/z 762) generated
by CID of (1,4-s-GAAAK + H)™. For ion color coding see text in Figure 5.1.
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Figure 5.7: CID-MS? of (a) (1,2-s-GAAAK-OCHj3 + H)* (m/z 804), and (b) CID-MS? of
(1,2-s-GAAAK-OCH3 + H — No)* (m/z 776) generated by CID of (1,2-s-GAAAK-OCH3
+ H)™. For ion color coding see text in Figure 5.1.
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Figure 5.8: UVPD-MS? of (a) (1,2-s-GAAAK-OCH3 + H)™ (m/z 804) at 213 nm, and (b)
CID-MS? of (1,2-s-GAAAK-OCH3 + H — No)T (m/z 776) generated by UVPD at 213 nm

of (1,2-s-GAAAK-OCHj3 + H)™. For ion color coding see text in Figure 5.1.
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notably reduced crosslinking yields in both UVPD-MS? and CID-MS? for (1,2-s-GAAAK-OCH3 + H —
N2)™ (15% and 22%, respectively). Interestingly, the reduction for (1,2-s-GAAAK-OCH3 + H)™ was not
as pronounced as that seen for (1,2-s-AAAG-OCH3 + H)™ and (1,2-s-AAAHG-OCH3 + H)™ in Chapter
4, suggesting that a minor fraction of (1,2-s-GAAAK-OCH3 + H)" may use the lysine amine group in

reactions with the nitrile imine.

The significance of the lysine carboxyl in crosslinking was further supported by UVPD results for the
methyl ester (1,2-s-GAAAK-OCH3 + H)™. UVPD of this ion (m/z 804), as well as UVPD-CID-MS? and
CID-CID-MS? of the denitrogenated intermediate (1,2-s-GAAAK-OCH3 + H — No)* (m/z 776), primarily
produced the b,, ion series after CgHsN loss, with the [3,, ions as minor products (Figure 5.8, Tables 5.6-

5.9). Loss of CgHsNHNH, from (1,2-s-GAAAK-OCH3 + H — No)™ (m/z 668, Figure 5.8 (b)) indicated a
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favorable proton transfer to the nitrile imine group.

Table 5.28: Crosslinking Yields of Peptide-Nitrile Imine Scaffolds

Compound/Ion Ion Activation % (MH-N5)*  %Crosslinks®
UVPD-MS?

1,2-s-GAAAK 250 nm 77 28
1,2-s-GAAAK 213 nm 32 66
1,4-s-GAAAK 213 nm 38 78
1,2-s-GAAAK-OCHj3; 213 nm 48 15
1,2-s-GAAAR 213 nm 52 48
1,4-s-GAAAR 213 nm 72 58
1,2-s-GAAAR-OCH3 213 nm 47 40
CID-MS?

1,2-s-GAAAK-N; 250 nm 94
1,2-s-GAAAK-N; 213 nm 93
1,4-s-GAAAK-N3 213 nm 97
1,2-s-GAAAK-OCH3—Ny 213 nm 22
1,2-s-GAAAR-Ny 213 nm 74
1,2-s-GAAAR-N, CID 74
1,4-s-GAAAR-Ny 213 nm 67
1,4-s-GAAAR-Ny CID 62
1,2-s-GAAAR-OCH3-N2 213 nm 74
1,2-s-GAAAR-OCH3-N, CID 78

* Relative to the sum of all identified fragment ion intensities.
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5.3.2 Ion Mobility, Collision Cross Sections, and Ion Structures of 1,2-s-GAAAK and 1,4-s-
GAAAK

The presence of the Lys residue in these conjugates steered protonation to the basic side-chain e-amino
group in all low-energy isomers. Internal solvation of the e—NH; group then governed the peptide chain
folding, as shown for the representative (1,2-s-GAAAK + H)™" structures 1,2-K1 and 1,2-K2 (Figure 5.9).
Both 1,2-K1 and 1,2-K2 showed peptide hydrogen bonds to the benzamide carbonyl and chiefly differed in
the hydrogen bonding of the C-terminal carboxyl and orientation of the phenyltetrazole moiety. These low-
energy conformers had CCSy. that closely matched those of the major peaks in the ion mobilogram. We
did not find adequate CCS matches for the two minor peaks in the Figure 5.9 mobilogram that corresponded

to more compact structures at CCSpys = 280 and 282 Az,

The low-energy conformers of (1,4-s-GAAAK + H)™ (1,4-K1 and 1,4-K2) had cyclohexane twistboat
conformations that allowed the ions to achieve efficient hydrogen bonding between the peptide moiety and
benzamide carbonyl, in particular regarding internal solvation of the e—NH; group by the benzamide in
1,4-K1 (Figure 5.10). We note that the typical Gibbs energy difference between the cyclohexane twist-boat
and chair conformations has been reported as 22-24 kJ mol~!,[>M28] which can be readily overcome by the
binding energy of a strong intramolecular hydrogen bond. The 1,4-K1 ion of CCS¢,c = 296 A2, which was
more compact and had a lower Gibbs energy, also developed a hydrogen bond between the carboxyl and
the tetrazole ring. Whether or not that may be conducive to carboxyl crosslinking in the incipient nitrile
imine will be discussed later in the paper. The CCSyc of 1,4-K1 and 1,4-K2 showed the best match with
the CCSpys of the two resolved peaks, 296 A2 and 304 A2, in the Figure 5.10 ion mobilogram.

Ton mobility separation of the CID-denitrogenated ions (1,2-s-GAAAK + H — No)* (Figure 5.11)
showed two major peaks of CCSpys = 274 and 276 A2, respectively, along with a very minor peak at
CCSyvs =275 A2, We considered several types of ion structures, both nitrile imines and crosslinked ones,
that were evaluated by their relative energy and CCS.qc. The representative lowest-energy conformers in
each group are shown in Figure 5.11. The carboxyl-crosslinked isomer 1,2-k1 of CCS,c = 273 A2, that
was the global energy minimum among the (1,2-s-GAAAK + H — N) ™ ions, showed a close match with the
CCSyys of the first major peak in the mobilogram. A lowenergy isomer crosslinked by the Lys NH» (1,2-k2)

of CCS.aic = 274 A2 was close to the second major peak in the (1,2-s-GAAAK + H — N3)* mobilogram.
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Figure 5.9: Arrival time distributions of (1,2-s-GAAAK + H)™ after 10 passes. M06-2X/6-
314+G(d,p) optimized structures, M06-2X/def2qzvpp relative Gibbs energies, and CCS,c
of low energy (1,2-s-GAAAK + H)™ ions. Atom color coding is as follows: cyan = C, blue
=N, red = O, gray = H. Only exchangeable NH, OH hydrogens are shown to avoid clutter.
Major hydrogen bonds are indicated by ochre double-headed arrows.
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k4. Structure discription as in Figure 5.9.

Considering the CID-MS? spectrum of (1,2-s-GAAAK + H — No)™ (Figure 5.5 (a)) that indicated carboxyl
crosslinking, the presence of structures of the 1,2-k1 type in the stable ion population was possible and was
consistent with the matching CCS. The presence of Lys-NH, crosslinked ions was also possible, as indicated
by the matching CCS. Interestingly, no close CCS match was found for the nitrile-imine structures, such as
1,2-k4 of CCS_ a1 = 268 A2 (Figure 5.11). The lack of residual nitrile imine structures was consistent with

the Figure 5.5 (a) spectrum and the 93-94% crosslinking yield for (1,2-s-GAAAK + H — Ny)™ (Table 5.28).

Ton mobility of CID-denitrogenated ions (1,4-s-GAAAK + H — Ny)™ (Figure 5.12) showed at least
five fully and partially resolved components. The most abundant peak at CCSpys = 272 A? found a close
match with the carboxyl-crosslinked isomer 1,4-k1 of CCSyc = 272 A2 (Figure 5.12). Another carboxyl-
crosslinked conformer (1,4-k2 of CCS¢y = 282 Az) could fit one of the peaks with CCSpys = 281 or
288 A2, although this assignment was uncertain. The nitrile imine isomers were more extended and had
larger CCSeqc, e.g. for 1,4-k3, that could be accounted for by the weak peak at CCSIMS = 294 A? in

the mobilogram. The assignment of structure 1,4-k1 was consistent with the CID-MS? spectrum of (1,4-s-
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Figure 5.12: Arrival time distributions of (1,4-s-GAAAK + H — No)™ after 4 passes. M06-
2X/6-31+G(d,p) optimized structures and CCS.y. of low energy isomers 1,4-k1-1,4-k3.
Structure discription as in Figure 5.9.
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GAAAK + H — No)* (Figure 5.5 (b)) and the high crosslinking yield for this scaffold (97%, Table 5.28).
A salient feature of structures 1,4-k1-1,4-k3 was that they all had the cyclohexane ring in a twistboat
conformation that allowed for crosslinking in 1,4-k1 and 1,4-k2 but also favored a peptide hydrogen bond

to the benzamide carbonyl in 1,4-k3.

5.3.3 Photodissociation and Crosslinking Yields of 1,2-s-GAAAR and 1,4-s-GAAAR
5.3.3.1 Spectra Interpretation of 1,2-s-GAAAR

UVPD at 213 nm of (1,2-s-GAAAR + H)™ (m/z 818) showed some new features that were specific for
Arg (Figure 5.15 (a), Table 5.14). In addition to the [3,, ion series (m/z 563, 492, 421, and 364) and combined
loss of Ny and CgHsN (m/z 699), there was a prominent ion by loss of CyH7NOy (m/z 653). CID-MS? of
the denitrogenated ion (1,2-s-GAAAR-Ny)™ (m/z 790, Table 5.15) showed a similar fragmentation pattern
that was dominated by the (3,, ion series and the m/z 762 (loss of CO) and m/z 653 ions (Figure 5.16 (a)).
Ton activation by the CID-MS? and CID-CID-MS? sequences gave similar results (Figure 5.13 (a) and 5.14
(a), Table 5.16 and 5.17). The loss of C;yH7NO» pointed to carboxyl crosslinking to the nitrile imine phenyl
group that was unprecedented with other peptide sequences. This was further studied by CID-MS* of the m/z
762 (loss of CO) ion that gave a complete 3, ion series but no m/z 653 (Figure 5.19, Table 5.29), indicating
that the C;H7NOs neutral fragment was eliminated in a single step as a distinct moiety containing the nitrile
imine phenyl linked to the carboxyl group and including two hydrogen atoms transferred from the peptide
chain. An interesting feature of the Figure 5.19 spectrum was the elimination of an arginine C5H12N4 neutral
fragment, m/z 762.4029 — m/z 634.2971, starting the 34 sequence which clearly indicated crosslinking by
the arginine C-terminus. This was further investigated by blocking the free carboxyl as a methyl ester in
1,2-s-GAAAR-OCH3 (Table 5.18 and 5.19). CID-MS? of the denitrogenated ion (1,2-s-GAAAR-OCHj;
— No)™, m/z 804, Figure 5.17 (b), Table 5.17) displayed three major fragment ion series. The classical
b,, ions (m/z 346, 403, 474, and 545) indicated a fraction of non-crosslinked nitrile imine isomers that were
analogous to those in the spectrum of the 1,2-s-GAAAK derivative (1,2-s-GAAAK-OCH3-Ns)* (Figure 5.8
(b), Table 5.9). In contrast to (1,2-s-GAAAK-OCH3-N)™, the Arg methyl ester (1,2-s-GAAAR-OCH;3—
N5)™ showed a major loss of ammonia butvirtually no loss of C¢H5N, which had a major effect on the Figure

5.18 (b) spectrum. The ammonia loss was followed by internal fragmentations leading to a sequential loss
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of two [Ala] units. This indicated cyclic peptide structures, although it was not clear if they were present
in the (1,2-s-GAAAR-OCH3-N3)™ ion population or produced upon CID by the ammonia loss. Finally,
the CID-MS? spectrum of (1,2-s-GAAAR-OCH3-Ny)* displayed a series of fragment ions starting with
the elimination of CyH;3N302 (m/z 633) from the Arg-OCH3; residue and followed by sequential losses of
[Ala] and [Gly] units (m/z 562, 491, 420, and 363, Figure 5.18 (b)), forming a new 3,, ion series. Note that
these fragment ions had different formulas (Table 5.20) than those in the Figure 5.16 (a) spectrum, which
indicated crosslinking by an NHy group of the Arg side-chain, followed by N-C bond cleavage leaving
the guanidine NHy group incorporated in the 34 ions. Guanidine crosslinking was also evident from the
small effect that carboxyl blocking had on the crosslinking yields of 1,2-s-GAAAR-OCH3s and ion (1,2-s-

GAAAR-OCH3-Ny)™.

5.3.3.2 Spectra Interpretation of 1,4-s-GAAAR

The GAAAR peptide sequence was investigated as to its propensity for nitrile imine crosslinking when
mounted on the trans-1,4-cyclohexane scaffold. Both UVPD and CID-MS? of (1,4-s-GAAAR + H)T (m/z
818, Figure 5.15 (b) and 5.13 (b), Table 5.22 and 5.23) resulted in loss of N9, and the resulting ions (1,4-s-
GAAAR + H - No)* (m/z 790) were subjected to further investigations. CID-MS? of 1,4-s-GAAAR + H —
No)™ (Figure 5.16 (b) and 5.14 (b), Table 5.24 and 5.25) showed losses of NH3, CO, and C7H7NO, at m/z
773, 762, and 653, respectively, that were analogous to the dissociations of (1,2-s-GAAAR + H—Ns)™*. In
addition, we observed a (34 ion series (mm/z 634, 563, 492, and 421) that was indicative of crosslinks, and a
b,, ion series (m/z 545, 474, 403) that were formed from the fraction of linear chain isomers. The loss of
C7H7NO; (m/z 653) was indicative of a proton and carboxyl transfer to the nitrile imine C¢H5sN moiety and

was investigated by CID-MS*, as detailed in the Supporting Information (Figure 5.20, Table 5.30).

4.3.1.4 Crosslinking Yields of 1,2-s-GAAAR and 1,4-s-GAAAR

The Table 5.28 data showed that the crosslinking yield upon UVPD of 1,2-s-GAAAR dropped was 48%
and by only 8% upon carboxyl methylation in 1,2-s-GAAAR-OCH3; and virtually did not change in CID of
(1,2-s-GAAAR-OCH3-N3)*, amounting to 74-78% for ions generated by UVPD or CID-MS?. Compared

with the sterically more favorable (1,2-s-GAAAR + H — N5)™ which was 74% under UVPD-CID-MS?, ion
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Figure 5.13: CID-MS? of (a) (1,2-s-GAAAR + H)T (m/z 818), and (b) (1,4-s-GAAAR +
H)™ (m/z 818). For ion color coding see text in Figure 5.1.
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Figure 5.14: CID-MS? of (a) (1,2-s-GAAAR + H — Ny)* (m/z 790) generated by CID of
(1,2-s-GAAAR + H)™, and (b) (1,4-s-GAAAR + H — Ny)™ (m/z 790) generated by CID of
(1,4-s-GAAAR + H)™. For ion color coding see text in Figure 5.1.
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Figure 5.15: UVPD-MS? at 213 nm of (a) (1,2-s-GAAAR + H)™ (m/z 818), and (b) (1,4-
s-GAAAR + H)™ (m/z 818). For ion color coding see text in Figure 5.1.
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Figure 5.16: CID-MS? of (a) (1,2-s-GAAAR + H — N»)* (m/z 790) generated by UVPD at
213 nm of (1,2-s-GAAAR + H)™, and (b) (1,4-s-GAAAR + H — Ny)™ (m/z 790) generated
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Figure 5.17: CID-MS? of (a) (1,2-s-GAAAR-OCHj3 + H)* (m/z 832), and (b) CID-MS? of
(1,2-s-GAAAR-OCH3 + H — No)* (m/z 804) generated by CID of (1,2-s-GAAAR-OCHj3
+ H)™. For ion color coding see text in Figure 5.1.
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Figure 5.18: UVPD-MS? of (a) (1,2-s-GAAAR-OCH3 + H)*" (m/z 832) at 213 nm, and (b)
CID-MS? of (1,2-s-GAAAR-OCH3 + H — No)* (m/z 804) generated by UVPD at 213 nm
of (1,2-s-GAAAR-OCH3 + H)™. For ion color coding see text in Figure 5.1.
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Figure 5.19: High-resolution CID-MS, of m/z 762 generated by CID-UVPD of (1,2-s-
GAAAR + H)™.

(1,4-s-GAAAR + H — No)* showed a smaller fraction of crosslinks, as expressed by the 67% yield (Table

5.28).

5.3.4 Ion Mobility, Collision Cross Sections, and Ion Structures of 1,2-s-GAAAR and 1,4-s-
GAAAR

IMS of the (1,2-s-GAAAR + H)™ ion was represented by two baseline-resolved peaks in a 36:64
intensity ratio for which we determined CCSpys = 280 and 285 A2, respectively (Figure 5.21). Several
(1,2-s-GAAAR + H)* ion structures were obtained by BOMD and DFT geometry optimizations. All low-
energy structures converged to a common peptide folding pattern shown by 1,2-R1 and 1,2-R2, in which the
charged Arg side-chain group was wrapped by the peptide amides and H-bonded to the benzamide carbonyl
(Figure 5.21). A similar H-bonding pattern was found for other low-energy conformers 1,2-R3-1,2-R6
(Figure 5.22). Interestingly, the cyclohexane ring in these low-energy conformers appeared in either the
chair (1,2-R1, 1,2-R3) or twist-boat (1,2-R2, 1,2-R4-1,2-R6) conformation and the ring showed multiple

reversible flipping in the course of BOMD trajectories at 610 K. On the basis of their Gibbs energies and
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Figure 5.21: Arrival time distributions of (1,2-s-GAAAR + H)* after 7 passes. M06-2X/6-
31+G(d,p) optimized structures, M06-2X/def2qzvpp relative Gibbs energies, and CCSgc
of low energy (1,2-s-GAAAR + H)™ ions. Structure discription as in Figure 5.9.

CCS.ac, structures 1,2-R1 and 1,2-R2, CCS.,c = 286 and 290 10\2, respectively, gave the closest fit with
the experimental data. The agreement was somewhat inferior to that for the other sequences, although still

within 2%. The other low-energy conformers had CCS, that were similar or slightly larger than those of

1,2-R1 and 1,2-R2 (Figure 5.22).

IMS of the (1,4-s-GAAAR + H)™ ion gave a single peak at CCSyvs = 301 A2 even after 10 passes (Fig-
ure 5.23). Geometry optimization pointed to the lowest-energy structures 1,4-R1 and 1,4-R2 with CCSyjc
=302, and 301 A2, respectively, providing near perfect match with the CCSpvs. The nearly isoenergetic
structures 1,4-R1 and 1,4-R2 were rotamers differing only in the orientation of the phenyltetrazole group

whereas their peptide conformations were virtually identical (Figure 5.23). These were characterized by
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Figure 5.22: Auxiliary M06-2X/6-31+G(d,p) optimized structures of (1,2-s-GAAAR +
H)™" isomers and CCS.,c. The relative Gibbs energies refer to the text Figure 5.21.

a tightly folded peptide chain that was maintained by multiple hydrogen bonds and capped by carboxyl
hydrogen bonding to the benzamide carbonyl. The cyclohexane ring was in a twist-chair conformation al-
lowing the compact overall conformation for the peptide conjugates, as in the other low-energy ions with

the trans-1,4-cyclohexane scaffold.

IMS of the CID-denitrogenated (1,2-s-GAAAR + H — N3)™ ions showed four resolved peaks after 15
passes (Figure 5.24). The major component had CCSpys = 273 A? that was accompanied by more compact
minor components at CCSpys = 269, 270, and 271 A2, These CCSpvs were substantially smaller than the
CCS,aic Of nitrile imine conformers that were in the 295-296 A2 range (1,2-r3, 1,2-r4,Figure 5.25). This
result, indicating the absence of non-crosslinked isomers in the (1,2-s-GAAAR + H — N»)™ ion population,
was qualitatively consistent with the high crosslinking yield for (1,2-s-GAAAR + H — Ny)™ (Table 5.28).
We obtained two types of low-energy crosslinked structures, a carboxyl crosslink 1,2-r1, and an arginine
crosslink 1,2-r2 of CCS.,c = 275 and 277 A2 respectively, that were close to the CCSpys of the main peak

in the mobilogram. The minor components with smaller CCSpyis could belong to slightly more compact
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252



o 2 . \\ '. 7\\
100 273 A ' R ¢
T X)
Y7
l_‘- 1 ‘
80 { L —
+*
— 1,2-r1
§ CCSac=275+ 0.9 A2
:.5 60_
2 Ny - X
% ~ ( = '\Y
o 40- \ - ‘) ){
271 A2 A j —
_ . LS
2 270 A? i—-< =
269 A2 /
1,2-r2
%8s 390 395 400 405 410 415 220 CCSyc=277 £0.5A?

Arrival Time (ms)

Figure 5.24: Arrival time distributions of (1,2-s-GAAAR + H — Ny)™ after 15 passes.
MO06-2X/6-31+G(d,p) optimized structures and CCS,c of low energy isomers 1,2-r1-1,2-
r2. Structure discription as in Figure 5.9.

conformers of 1,2-r1 and 1,2-r2 that, however, did not find matching structures among the other low-energy

ions (1,2-r5-1,2-r7 Figure 5.25) that showed larger CCS_c.

IMS of the CID-denitrogenated (1,4-s-GAAAR + H —N5)™ ions showed two major peaks at CCSpys =
272 and 291 A2 that were accompanied by very minor peaks at CCSpvs = 280 and 285 A2 (Figure 5.26). We
found the best fit for the major IMS peaks with the Arg-crosslinked structures 1,4-r1 and 1,4-r3 of CCSqic
=274 and 291 AQ, respectively. A carboxyl-crosslinked structure (1,4-r2, CCSc,c = 281 AQ) could account
for the minor peaks in the mobilogram. Ions 1,4-r1 and 1,4-r3 differed in their peptide conformations. In
1,4-r1, the compact structure of the macrocyclic ring was clinched by a hydrogen bond of the carboxyl to

the benzamide carbonyl. This feature was absent in 1,4-r2 that had a bulkier macrocyclic ring with fewer
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Figure 5.25: Auxiliary M06-2X/6-31+G(d,p) optimized structures of (1,2-s-GAAAR + H
—N3)™ isomers and CCS,c. The relative Gibbs energies refer to the main text Figure 5.24.

hydrogen bonds and a free carboxyl group. In addition to 1,4-r1-1,4-r3 we obtained several related ions that
had CCS_,c within the experimental range. These were represented by Arg-crosslinked structures 1,4-r4 and
1,4-r5 of CCScqic = 270 and 274 A2, respectively, carboxyl-crosslinked 1,4-r6 and 1,4-r7 with the respective
CCScalc =278 and 281 A2, and nitrile imine 1,4-r8 of CCS.,1c = 275 A2 (Figure 5.27). All the crosslinked
structures had the cyclohexane ring in a twist-boat conformation while differing in the conformation of the
macrocyclic ring. Nitrile imine 1,4-r8 had a standard cyclohexane chair conformation (Figure 5.27). The
close similarity of the CCS¢yc for the Arg-crosslinked ions 1,4-r1, 1,4-r4 and 1,4-r5 did not allow us to
unambiguously assign the 272 A2 peak in the mobilogram to a single conformer. It appears, however, that

the carboxyl-crosslinked ions 1,4-r2, 1,4-r6, and 1,4-r7 were only a small minority among the crosslinks.

5.4 Conclusions

In both cis- and frans-GAAAK and GAAAR scaffolds, protonation occurs at the basic C-terminal
residues. Photodissociation and CID produced mixtures of isomers and conformers, comprising both crosslinked
and linear forms. For (1,2-s-GAAAK + H)™, photodissociation primarily resulted in crosslinking via the car-

boxyl group to form diarylhydrazide enol esters, although some crosslinking occurred at the [Lys] residue, as
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2X/6-31+G(d,p) optimized structures and CCS¢y. of low energy isomers 1,4-r1-1,4-r3.

Structure discription as in Figure 5.9.
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—N3)* isomers and CCS,qc. The relative Gibbs energies refer to the main text Figure 5.26.

demonstrated by carboxyl methylation blocking experiments. In (1,2-s-GAAAR +H)* and (1,4-s-GAAAR

+H)™, crosslinking occurred through the [Arg] guanidinium group, highlighting proton transfer steps, while

carboxyl crosslinking was minimal, suggesting the carboxyl proton was not involved.

Crosslinking by the guanidinium group can be viewed as a two step process: an endothermic proton

transfer from guanidinium to the imine nitrogen, followed by an exothermic C-N bond formation. Cal-

culations at the M06-2X/def2qzvpp level of theory including zero-point corrections indicate Gibbs energy

changes of AG3jxn = -88 kJ mol~! and -72 kJ mol~! for cyclization of the (1,2-s-GAAAR + H — Ny)™

and (1,4-s-GAAAR + H —Ny)* intermediates, respectively (Scheme 5.3). This cyclization can be viewed as

a [3 + 2] addition of the guanidinium N—H bond across the nitrile imine dipolarophile, proceeding through

a proton-transfer intermediate. Similar reactions have not been observed in condensed phases, marking a

novel aspect of gas-phase peptide ion chemistry.
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Scheme 5.3: Proposed mechanism for arginine crosslinking.
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Table 5.27: CID-MS* Fragments of (1,4-s-GAAAK + H — No)* m/z 762 from 1,4-s-
GAAAK Following UVPD at 213 nm

744 634 563 492
-H>0O s B4 B3
726 606 535 464
661 563 518 4477
616 492 492 421
563
545
525
492
454
421

383
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Table 5.29: CID-MS* Fragments of (MH — N2)™ m/z 790 from 1,2-s-GAAAR Following

UVPD

762 653 563 492 421 364
—-CO —C7H7NO3 B4 B3 B2 b1
745 636 492 421 364 256
634 525 421 364 256 239
563 454 364 135 166 135
492 383 135 120
421 312 120 109
364

Table 5.30: CID-MS* Fragments of (MH — N2)™ m/z 790 from 1,4-s-GAAAR Following

UVPD
772 762 730 653 563 | 545 | 492 | 474 447 21 | 403
“H,0 | —-CO | -NH3-CHNO | -C;H;NO, Ba by Bs bs B4~NH;3-CO Bo b,
755 745 712 636 535 | 517 | 464 | 446 419 403 | 385
745 719 702 542 S18 | 474 | 447 | 403 390 393 | 375
730 634 616 525 492 421 135 362 376 | 357
701 563 545 454 313 364 | 346
684 517 474 383 265 336 | 318
630 492 454 245 313 | 221
615 446 383 135 166 | 166
544 375 120 135 | 135
477 120 | 120
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