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Abstract

Mass spectrometry has critical roles in analytical chemistry, biomedical research and the diagnosis and
treatment of human disease. Its ability to unambiguously identify and quantify a diverse range of biomolecules,
from small molecule metabolites to large intact protein complexes in complex biological matrices, has solidified
this technique’s place in the clinical chemists’ laboratory. However, mass spectrometry’s wider adoption by
biochemists and clinicians is hindered by the inherent volume and complexity of the data it can generate from
a biological context, and the subsequent level of specialist equipment and knowledge required to interpret
results in a reliable and meaningful way. It is therefore apparent that a potential solution to this issue is to
develop new methodologies, which adapt simple biochemical techniques into mass spectrometry sample

preparation workflows that can be performed by biochemists using standard laboratory equipment.

This thesis begins by reviewing some recent advances in clinical mass spectrometry and the current
limitations of this technology. In doing so, we establish the importance of hyphenated techniques, which merge
the concept of immunoassays with mass spectrometric detection to enable its adoption in high-throughput
clinical and biomedical research applications. Many of these new approaches are only possible because of the
development of efficient biocompatible chemical reactions, which facilitate the covalent modification of

antibodies to improve their analysis via mass spectrometry.

The concept of chemical labelling with mass tags, or synthetic linkers that fragment during ionisation
and/or other stages of gas-phase analysis, has been widely explored as a strategy for detecting large
heterogeneous biomolecules, such as antibodies. Chapter 2 explores the design, synthesis and application of an
ultra-violet-cleavable linker for labelling intact antibodies to simplify their detection via matrix-assisted laser
desorption/ionisation mass spectrometry. The novel aspect of this project is the utilisation of copper-catalysed
azide-alkyne cycloaddition, or copper click chemistry, to enable straightforward modification of the detected

photodissociation product, thereby offering the potential for multiplexed analysis of biomolecules.

Despite the established utility of the copper click reaction, there are several limitations for its
application in biological contexts. We therefore sought to identify alternative routes for modifying mass tags.
Chapter 3 explores the utilisation of Diels-Alder cycloaddition chemistry for synthesising mass-tagged
biomolecules, which conveniently facilitate efficient gas-phase fragmentation, even with the absence of a

photocleavable moiety.

The ability to easily detect proteins within biological specimens is incredibly valuable for diagnostics;
however, the aetiology of many diseases involves modifications to proteins that occur after biosynthesis, or
post-translational modifications. Chapter 4 explores the application of bottom-up proteomics methods to
identify amino acid modifications to equine heart myoglobin in response to a model for oxidative stress, and

characterise the products of its labelling with a novel fluorophore.



Whereas the ability to analyse primary protein sequences and post-translational modifications is
undoubtedly valuable, the function of many proteins is closely linked to their three-dimensional higher order
structures, including transient interactions with other biomolecules. Reagents known as chemical crosslinkers,
can be utilised to stabilise interactions between nearby amino acids prior to bottom-up proteomic analysis,
thereby retaining tertiary and quaternary protein structural information. Chapter 5 describes some of the recent
efforts from our research group to develop efficient strategies for synthesising and applying chemical cross-

linkers with improved features for the purification and identification of cross-linked proteins.

This thesis therefore explores various potential implementations of mass spectrometry for investigating
the dynamic and complex roles of proteins in the context of human disease, from altered expression levels to

post-translational modifications and protein-protein interactions.
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CHAPTER ONE

Conjugating immunoassays to mass spectrometry: Solutions to contemporary

challenges in clinical diagnostics

Foreword

The focus of this thesis is on the development of mass spectrometric (MS) methods for analysing
proteins in ways that produce meaningful data in relation to human health, with an emphasis on their
application in the context of biomarker detection. While the overarching aim was to establish novel
methodologies for achieving this, which often make use of state-of-the-art technologies, it is important to first
discuss the important developments that preceded them. After summarising some of the basic concepts of
clinical diagnostic tests and MS methodology, the following review emphasises some of the important advances
in MS technology that have enabled the exploration of hyphenated immunoassay-MS techniques. Although still
somewhat in their infancy, these hyphenated approaches have found value and recognition in applications for
which the limitations of conventional MS and immunoassay methods preclude the effective diagnosis and
treatment of various significant human diseases. In doing so, we also introduce the concept of ‘bioconjugation’,
that is, the covalent modification of biomolecules, and its potential for aiding the detection of molecules with
properties that are otherwise less than ideal for MS analysis. Importantly, this review also provides an in-depth
examination of the limitations and challenges faced in previous attempts at developing clinically feasible
methods for detecting antibodies, and therefore informs the design of novel reagents that could bring this
technology closer to eventual adoption in clinical setting. Although many are a long way from approval for use
in clinical settings, these examples set a firm precedent for the continued exploration of such approaches, which

becomes the foundation for the work we present in the following chapters.
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Developments in immunoassays and mass spectrometry have independently influenced diagnostic
technology. However, both techniques possess unique strengths and limitations, which define their
ability to meet evolving requirements for faster, more affordable and more accurate clinical tests. In
response, hybrid techniques, which combine the accessibility and ease-of-use of immunoassays with the
sensitivity, high throughput and multiplexing capabilities of mass spectrometry are continually being
explored. Developments in antibody conjugation methodology have expanded the role of these bio-
molecules to applications outside of conventional colorimetric assays and histology. Furthermore, the
range of different mass spectrometry ionisation and analysis technologies has enabled its successful
adaptation as a detection method for numerous clinically relevant immunological assays. Several recent
examples of combined mass spectrometry-immunoassay techniques demonstrate the potential of these
methods as improved diagnostic tests for several important human diseases. The present challenges are
to continue technological advancements in mass spectrometry instrumentation and develop improved
bioconjugation methods, which can overcome their existing limitations and demonstrate the clinical
significance of these hybrid approaches.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Biomarkers and clinical analytical techniques

The term biomarker can denote any biological molecule or
combination of factors that indicate a particular biological state,
which are often used to differentiate normal or abnormal processes
or conditions [1]. Whereas new biomarkers are identified using
untargeted, semi-quantitative (comparative) analytical approaches,
to develop a viable clinical test there needs to be a reproducible
method for their absolute quantitation. For implementation in
clinical laboratories, analytical tests designed for diagnostic appli-
cations need to meet performance requirements with respect to
their accuracy and predictive capabilities [2]. Diagnostic accuracy is
determined based on a test's abilities to positively identify in-
dividuals who have a condition and eliminate those who do not, or
its sensitivity and specificity, respectively. A test's predictive value is
evaluated by calculating the proportions of correct diagnoses out of

* Corresponding author. School of Physical Sciences, The University of Adelaide,
5005, Australia.
E-mail address: tara.pukala@adelaide.edu.au (T.L. Pukala).

https://doi.org/10.1016/j.trac.2020.116064
0165-9936/© 2020 Elsevier B.V. All rights reserved.

the total positive and total negative test results, or positive and
negative predictive values, respectively [2]. In the context of bio-
markers, these factors are dependent on the dynamic range, ac-
curacy, and reproducibility of whichever analytical method is used
to detect changes in their abundance.

Most common clinical laboratory tests make use of spectro-
photometric andfor immunologic detection methods [3]. Of these,
immunoassays, which take advantage of the highly selective in-
teractions between specific immunoglobulins and their target an-
tigens, are some of the most clinically relevant techniques [4,5].
Furthermore, the chemical composition of these large proteins
enables a variety of strategies for modifying their structure with
limited perturbation of their antigen-binding activity (discussed in
detail in Section 2.2). This feature allows for immunoassays to be
coupled to a range of different detection methods, including
radiometric, fluorescent, colorimetric, chemiluminescent, non-
labelled (light scattering) and electrochemical detection [4,6].
Detection can be further enhanced using enzymatic, polymerase
chain reaction (PCR), liposome and nanomaterial-based signal
amplification strategies [7—9].

In many instances, absolute levels of biomarkers in biological
fluids or tissue biopsies are insufficient for determining a reliable
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Abbreviations

CPD carboxypeptidase D

DESI desorption electrospray ionisation

EDC N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide
ELISA enzyme-linked immunosorbent assay

ESI electrospray ionisation

FDA US Food and Drug Administration

FITC fluorescein isothiocyanate

GC-MS gas chromatography-mass spectrometry

ICAT isotope-coded affinity tag

ICPL isotope-coded protein labelling
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MSsI mass spectrometry imaging

MSIA mass spectrometry-immunoassay

MS/MS  tandem mass spectrometry
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PCR polymerase chain reaction
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PSMS paper spray mass spectrometry

PTM post-translational modification

SARS severe acute respiratory syndrome

SIMS secondary-ion mass spectrometry

SISCAPA stable isotope standards and capture by anti-peptide
antibodies

SPR surface plasmon resonance

TFP tetrafluorophenyl

T™T tandem mass tag

uv ultraviolet

diagnosis, particularly for diseases characterised by complex
changes in tissue morphology and localised changes in protein
expression [10]. More relevant information can therefore be ob-
tained by comparing the spatial distribution of biomarkers in
normal and diseased specimens. Immunohistochemistry (IHC) in-
volves the labelling of specific antigens in tissue sections with an-
tibodies, which are then visualised using some combination of
staining and imaging techniques(s). Owing to its simplicity,
affordability and versatility, this technique is commonly employed
in diagnostic pathology [10,11].

Developments in immunoassay and THC technologies, such as
automated enzyme-linked immunosorbent assays (ELISAs), micro-
fluidics, lab-on-a-chip technologies, and computer-assisted image
analysis, have resulted in significant reductions in analysis time and
complexity, sample volumes and specialised equipment or expertise
required [5,10]. However, many of these methods still utilise some
form of spectrophotometric detection and are therefore limited in
the number of analytes that can be detected in a single experiment
due to overlaps in the emission ranges of different fluorophores and
narrow dynamicrange [12]. The development ofimmunoassays that
utilise detection methods not constrained by the inherent limita-
tions of spectrophotometric measurements has therefore become
an important goal for modern diagnostic medicine.

1.2. Evolution of biomelecular and clinical mass spectrometry

Since its inception in the early 20th century, mass spectrometry
(MS) has developed into an important tool for biomedical re-
searchers and clinicians [13—15]. Soft ionisation methods, such as
electrospray ionisation (ESI), matrix-assisted laser desorption/ion-
isation (MALDI) and chemical ionisation, enable ionisation of mol-
ecules with minimal fragmentation. These methods are therefore
very useful for the MS analysis of intact biomolecules, with MALDI
and ESI commonly utilised in both research and clinical settings
[3,13,14,16]. Compared to spectrophotometric methods for detecting
biomolecules, MS differentiates analytes based on the mass-to-
charge ratio (m/z) of intact molecules and/or the characteristic
products of their gas-phase fragmentation, and therefore provides
high specificity and sensitivity and enables the detection of different
isoforms [13,17]. The ability of MS to detect many different analytes
simultaneously, or multiplex, is useful for analysing complex

11

biological mixtures as entire proteomes, lipidomes, or metabolomes
can be investigated for a single sample [ 13,18]. This technology has
obvious applications in diagnostic medicine; hence, renewed
enthusiasm for advancement in MS methodology is now aimed at
developing clinically viable platforms [17,19].

Widespread adoption of MS in clinical laboratories did not occur
until the 1980's, after the limitations of immunoassays for illicit
drug screening and detection of steroids became apparent. Subse-
quent acceptance of gas chromatography-MS (GC-MS) for immu-
noassay validation in clinics lead to mainstream use of the more
versatile liquid chromatography-MS (LC-MS) [17,18,20]. Despite its
waning popularity due to the requirement for extensive sample
preparation and often chemical derivatisation, GC-MS still has an
important place in the clinical analysis of selected compounds such
as excreted steroid metabolites [21,22].

The development of tandem MS (MS/MS), which enables the
unambiguous assignment of biomolecules based on their unique
fragmentation patterns, widened the boundaries of MS within the
clinical laboratory to include protein and peptide biomarker
detection, multi-analyte therapeutic drug monitoring, drug abuse
screening, toxin analysis, endocrinology and screening for meta-
bolic diseases [15,23]. The capabilities of this technology are
exemplified by the now wide-spread adoption of MS/MS-based
blood-spot screening for congenital metabolic diseases in new-
borns, which was previously limited to individual metabolites but
can now detect in excess of 40 analytes simultaneously [24,25].

Another revolutionary development in clinical MS was the dis-
covery of a method for identifying bacterial molecular fingerprints
using MALDI, hence providing a faster and easier alternative to
other time-consuming laboratory tests for identifying pathogenic
microorganisms [17,26]. This demonstration of MALDI-MS as a
clinically viable technique, which could be performed with limited
sample preparation, was followed by US Food and Drug Adminis-
tration (FDA)-approval of two MALDI systems for identifying gram-
negative bacteria [3,17,27]. The multiplexing capabilities of MALDI
have since been exploited to develop rapid PCR-based MS assays for
screening of human coronaviruses, including severe acute respi-
ratory syndrome (SARS) and Middle East respiratory syndrome
(MERS) viruses. In this study, the authors concluded that multi-
plexed analysis reduced false negative results and has the potential
to detect novel viruses [28].
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Until 1997, immunochemical detection still had a distinct
advantage over MS: the capacity to determine the spatial distri-
bution of proteins in tissues. The invention of an innovative new
way to acquire MALDI spectra led to the establishment of a new
research field: MS imaging (MSI). During MSI experiments, indi-
vidual mass spectra are obtained sequentially across the surface of a
biological specimen and converted into an intensity map showing
the localisation of ions with specific m/z [29]. With the develop-
ment of additional ionisation techniques, such as desorption elec-
trospray ionisation (DESI) and secondary-ion mass spectrometry
(SIMS), MSI can now be used for the analysis of proteins and protein
complexes, small molecules, lipids, metabolites, oligonucleotides
and sugars, many of which cannot be detected using immuno-
chemical methods [30—33). A form of laser ablation MS, rapid
evaporative ionisation mass spectrometry (iKnife; Waters Corpo-
ration, Milford, US), has even been developed to assist surgeons
during tumour removal by providing real-time analysis of patient
tissue components to identify cancerous tissue margins [30].

1.3. Current challenges for the development of clinically viable MS
methods

For analysis of biological samples, MS workflows generally
include a sequence of sample preparation, separation and MS
analysis procedures and their clinical viability is dependent on the
complexity, cost and duration of each step [17,34]. Some inherent
limitations to common MS technologies also have a significant in-
fluence on their effectiveness in clinical diagnostic applications.

1.3.1. Matrix effects and ion suppression

Another significant issue for MS analysis of complex biological
samples is ion suppression, which refers to the reduction in ion-
isation of target analytes because of interference from other com-
ponents within the biological matrix, such as salts, detergents or
other non-volatile compounds [34,35]. For ESl-based analyses, this
problem is usually addressed during sample preparation and sep-
aration steps or additional enrichment steps, for example by using
LC to separate non-volatile components [34,36].

Comparatively, sample preparation for MALDI-MS is a lot
simpler as this ionisation method is more tolerant of biological
sample components, such as buffers [3]. However, the absence of
pre-analysis enrichment steps also makes it more difficult to detect
low-abundance ions, as MALDI spectra are often dominated by
signals from more concentrated, albeit less clinically significant,
biomolecules, a phenomenon sometimes described using the
analogy of a needle in a haystack [31].

For imaging experiments, MALDI also requires additional sam-
ple preparation steps to that of immunohistochemistry, such as
enzymatic digestion or chemical release of proteins and glycans
[13]. Some common tissue conservation techniques, such as para-
formaldehyde fixation followed by long-term storage, can result in
incompatibility with MSI analysis [33]. Furthermore, in most in-
stances these experiments are limited to qualitative assessments of
analyte spatial distribution due to the influence of tissue-specific
ion suppression unless isotopically labelled internal standards or
specialised MALDI matrices are used [37]. For these reasons,
MALDI-MSI is far from replacing immunohistochemistry as a pri-
mary diagnostic technique; however, it has established an impor-
tant place within clinical research as a tool for novel biomarker
discovery, tumour classification and staging, and treatment moni-
toring [38].

1.3.2. Relative and absolute quantification of biomarkers using MS
For clinical applications, a major caveat of soft ionisation tech-
niques, including ESI and MALDI, is that some analytes will ionise
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more efficiently than others, meaning that absolute concentrations
cannot be determined based on ion counts alone. Absolute quan-
tification therefore requires the use of structurally similar or
isotope-labelled internal standards, which may not be commer-
cially available or economically viable for large scale clinical testing
[16,34]. For example, the analysis of complex protein digests would
require labelled peptides for each target, making multiplexed ex-
periments expensive if commercially synthesised standards are
used. Proteomics experiments can also introduce additional vari-
ability in preanalytical steps, such as enzymatic digestion, so ideally
make use of labelled intact proteins and therefore require the
availability of recombinant protein expression systems [39—41].

Alternatively, various approaches to generating labelled stan-
dards using simple chemical labelling reagents are available and
enable relative quantification between samples using MS. These
methods utilise common amino acid modification strategies
(Table 1) to label either proteins or peptides with stable isotopes,
hetero-elements (e.g. halogens), MS-cleavable tags and/or affinity
handles [42]. Significant examples include the biotinylated isotope-
coded affinity tag (ICAT) reagents for labelling peptides, amine-
directed isotope-coded protein labelling (ICPL), and the isobaric
tandem mass tag (TMT) and isobaric tag for relative and absolute
quantitation (iTRAQ) systems [42—44]. Despite their obvious clin-
ical utility, approval of these workflow for routine testing is
impeded by their inherent variability and the absence of effective
bioinformatics and data analysis platforms for interpreting the
complex data they generate [42].

Absolute quantification can be achieved in a more straightfor-
ward manner using inductively coupled plasma (ICP)}-MS, which
involves atomisation of molecules using extremely high tempera-
tures (7000—10,000K) to detect hetero-elements (any element
other than C, N, O and H) [12,45,46]. This ionisation technique is
highly sensitive, has a wide dynamic range, and produces signals
that are directly proportional to the sample concentration of a
given element, irrespective of the solvent, analyte and sample
matrix [42]. Hence, the technique has been useful for quantitative
analysis of biomelecules with naturally occurring trace for phos-
phoproteins, metalloproteins, and selenoproteins [12,30,45].
However, quantification of intact complex biomolecules, such as
peptides and antibodies, is also possible through chemical or
metabolic labelling with hetero-element-containing reagents
[42,45]). This technology has important implications for the
implementation of ICP-MS and other MS platforms in clinical
setting and is discussed in more detail in Sections 2.3.2 and 2.4.1.

1.3.3. Accessibility of MS in the clinical laboratory

Most MS experiments require specialist knowledge of correct
sample preparation methods and instrumentation, in addition to
dedicated software programs to acquire, analyse and interpret data
[47]. Hence, despite their significant advantages, establishing
robust clinical MS methods is often more complicated, expensive
and/or time-consuming compared to conventional approaches,
such as immunohistochemistry and ELISAs [47]. Due to these lim-
itations, MS technologies are still underutilised in clinical settings
in favour of immunochemical methods [19].

2. Combined immunochemical and mass spectrometric
approaches to biomolecule analysis

Approaches combining immunoassay methodology with MS
detection have been developed in efforts to overcome some of the
individual limitations of these techniques. However, owing to their
relatively high molecular weight and substantial heterogeneity,
direct MS analysis of antibody-antigen complexes poses additional
challenges [48,49]. ESI of intact complexes requires samples to be
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Table 1
Examples of bioconjugation chemistries used for modifying proteins.
Modification/reagent Target residue(s) Reference(s)
Non-specific conjugation
Amide coupling using coupling reagent(s), such as Carboxylic acids (C termini, glutamine and asparagine residues) 166]
EDC and free amines (lysine residues and N termini)
Reactive esters {(NHS, TFP, etc.), aldehydes and Free amines, including N termini and lysine residues [33,43,66—68]
isothiocyanates

Maleimide and haloacetamide reagents, and aryl
palladium complexes

Selenocysteine conjugation (maleimide and
iodoacetamide reagents)

Site-directed conjugation

Hydrazides and alkoxyamines

Enzymatic ligation

Copper click chemistry

Copper-free click chemistry

Indole-3-butyric acid photoactivated ligation

Non-covalent conjugation

Biotin-avidin/streptavidin

Protein A affinity capture

Nickel-chelate affinity

Reduced thiols (cysteine residues) or thiolated amines

Biotinylated residues targeted by avidin/streptavidin or vice versa
Immunoglobulin F, region
Metal coordination sites on lgG class antibodies

[12,42,4466,67,69]

Selenocysteine [67]
Aldehydes or ketones on oxidised glycans or non-natural amino acids, respectively 166,67
Various genetically encoded recognition peptide sequences [67,70]
Non-natural alkyne or azide-containing amino acids [67]
Various non-natural amino acids [67]
Endogenous nucleotide binding sites [67.71]

[12,44,63,70,72—-74]
[54]
[66]

Abbreviations: EDC, N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimide; NHS, N-hydroxysuccinimide; TFP, tetrafluorophenyl.

prepared in volatile aqueous buffers to preserve non-covalent in-
teractions; these conditions favour formation of high m/z ions and
salt adducts, which reduces ion transmission and mass accuracy,
and therefore sensitivity and selectivity [49]. Similarly, MALDI
analysis requires specialised matrices or chemical cross-linking to
analyse intact complexes and generates singly charged, high m/z
ions with poor mass resolution [48,49]. To address these issues,
several novel methods for detecting biomarkers have been pro-
posed that involve chemically modifying antibodies to facilitate
their analysis using standard MS instrumentation.

2.1. Immunoaffinity-based solutions in quantitative proteomics

Given the limitations of MS for direct analysis of complex mix-
tures, the features of immunoassays that enable isolation of ana-
Iytes from biological samples offer opportunities for adapting MS
detection to clinical sample analysis by improving selectivity and
sensitivity. Various conjugation methods are available for immo-
bilising antibodies on different solid supports (covered in detail in
Section 2.2). These combined immunoaffinity capture-MS methods,
or MS-immunoassays (MSIAs) utilise immobilised antibodies to
enrich target proteins from complex biological samples and thus
improve detection limits for low-abundance analytes. Similar
technology has also been adapted to develop functional assays of
biomarkers and therefore providing important insight into patho-
logical biomolecule interactions and treatment monitoring [50,51].

2.1.1. MS immunoassays

The high specificity of M5 makes it possible to evaluate different
protein isoforms and PTMSs, which typically cannot be differenti-
ated by antibodies alone [30,52,53]. This concept was first
demonstrated with MALDI, for the detection of snake venom pro-
teins in human whole blood after enrichment using antibodies
immobilised on agarose beads [54]. The MSIA has since been
developed into a pipette tip-based commercial platform (MSIA
D.ART.'S™; Thermo Fisher Scientific, Waltham, US) compatible
with ESI systems, and various iterations have now been used to
quantify clinically relevant protein isoforms invelved in insulin
resistance, Alzheimer's disease, renal function, endocrine function,
lung cancer, and cardiovascular disease, among others
[52,53,55—58]. This combination of immunoaffinity capture and
MS detection can provide substantial improvements in sensitivity
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and specificity by exploiting the enrichment capabilities of anti-
bodies, while eliminating issues related to non-specific binding by
using direct measurement of unique antigen m/z's [59]. MSIA
workflows are also applicable to both bottom-up and top-down
proteomics analyses, the latter of which can identify novel pro-
teoforms without prior knowledge of the complete amino acid
sequence and PTMs, therefore providing more complete sequence
coverage [60—62].

Alternatively, the stable isotope standards and capture by anti-
peptide antibodies (SISCAPA; SISCAPA Assay Technologies, Wash-
ington DC, USA) platform enables multiplexed analysis of pre-
digested protein samples using peptide-reactive antibodies
immobilised onto capillary columns, which are incorporated into
an autosampler LC system. Samples are spiked with isotopically
labelled peptide standards before on-line washing and enrichment,
hence retaining the high-throughput and quantitative capabilities
of LCMS proteomics workflows |63,64]. In analogous immuno-
MALDI (iMALDI) workflows, peptides are eluted from the capture
antibody using an acidic MALDI matrix solution directly onto the
MALDI target plate [61,65]. For these peptide-centric assays, the
process for generating biomarker-reactive antibodies and isotope-
labelled standards is relatively simple, compared to protein-
centric MSIAs [61].

2.1.2. Surface plasmon resonance MS

Surface plasmon resonance (SPR) is another technique that has
evolved from a method for studying antibody-antigen interactions
into a clinically relevant quantitative tool for detecting biomarkers
[49,51]. SPR measurements are often a product of a continuous flow
of analyte across immobilised antibodies on a metal surface, which
induces a change in the surface's refractive index for each instance
of analyte binding. This technique has the advantages of being able
to determine absolute analyte concentrations and binding kinetics
from very small volumes at low sample concentrations. However,
the mode of detection prevents delineation of antibody-antigen
complex stoichiometry, protein variants, complexes, and non-
specific binding [49,50]. Coupling this technology with subse-
quent MS analysis has since overcome these limitations. Moreover,
the development of SPR imaging now enables direct multiplexed
MALDI analysis of SPR chip arrays, without the need for recovery of
analytes from the SPR surface. This approach not only improves the
dynamic range of MS analysis, but also significantly reduces sample
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preparation time, making it useful for detecting a range of human
biomarkers, in addition to providing insight into their higher-order
structure and function [50].

2.2. Bioconjugation strategies and challenges

The broad range of reactive chemical groups on antibodies
makes them amenable to various conjugation methods (Fig. 1 and
Table 1) |66]. In addition to conventional methods for modifying
amino acids via free amines and carboxyl groups, modifications at
selectively reduced cysteine residues and glycosylation sites are
commenly used for functionalising antibodies. Unlike modifica-
tions to lysine and acidic amino residues, these site-directed
modifications are less likely to lead to loss of activity from
changes to the antigen-binding (F,,) region [66,67]. Alternatively,
antibodies can be engineered to incorporate non-natural amino
acids to allow site-specific conjugations [67]. However, this
approach requires additional resources and expertise, whereas
several amine and carboxylate targeting reagents are commercially
available and can be used to modify validated antibodies. The
ongoing development of new bioconjugation chemistries will likely
lead to more simple and effective conjugation strategies for
modifying antibodies and thus make them more appropriate for
routine use in clinical settings.

2.3. MS detection of labelled antibodies for immunoassays

Given the limitations of common MS instrumentation for ana-
lysing intact antibodies, there is a growing interest in developing
conjugation reagents designed to improve their ionisation and
detection. Many of these approaches utilise labelling reagents that
are cleaved at some point during MS analysis to release a fragment
of known m/z, which is detected as a proxy for the intact antibody-
biomarker complex [59,75]. These fragments, or mass tags, can be
designed to fall within optimum m/z ranges, facilitate ionisation
and undergo signal amplification to overcome limitations in dy-
namic range, poor ionisation, stability and sensitivity. Altering the
chemical structure of the mass tag can also be used to generate
different m/z values and therefore enable multiplexed analysis us-
ing different antibodies in the same sample [76].

2.3.1. MALDI mass tags
MALDI instruments have been popular choices for demon-
strating mass tag concepts, because the most common ionisation

/
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Light chain (antigen binding)
Heavy chain
-é: Polysaccharide
Interchain - (glycan)
disulphides

NH,

COOH

H5

SH
Selectively reduced
disulphides

Fig. 1. Immunoglobulins possess multiple structural features that make them
amenable to a variety of conjugation methods. Adapted from Ref. [G6].
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methods involve excitation of samples using an ultraviolet (UV)
laser; mass tag release can therefore be triggered by UV-induced
cleavage of photodegradable linkers covalently linked to anti-
bodies (Fig. 2) [73,76]. An added benefit of this approach is that
fixed charges can be incorporated into mass tags (or formed from
their photodegradation products), enabling matrix-free laser
desorptionfionisation (LDI) and thus eliminating matrix back-
ground signals [76]. Antibody mass tags have been effectively used
for the development of MALDI/LDI-MS ELISA and microarray plat-
forms. These early examples demonstrate the two most prominent
mass tag design strategies: ortho-nitrobenzyl derivatives that can
be incorporated into solid-phase peptide syntheses; and triphe-
nylmethyl (trityl) tags, which fragment into cationic reporter ions,
which can be detected in the absence of a MALDI matrix [73,77,78].
Comparatively more work has focussed on the application of these
concepts for specific MSI, which is discussed in detail in Section
2.4.2.

2.3.2. ICP-MS and mass cytometry

Another type of MS instrumentation that has gained popularity
in clinical settings is ICP-MS; the extremely high resolution,
sensitivity and dynamic range of these instruments are desirable
features when designing clinical assays. The development of new
antibody conjugation reagents provided a way to apply ICP-MS for
detecting fragile antibody molecules by labelling them with metal
ions that provided unique isotopic signals in mass spectra, called
mass cytometry (Fig. 3) [12,79]. Mass cytometry involves the
detection of heteroatom labelled antibodies attached to specific
antigens on or within individual cells in a suspension (a detailed
explanation and protocol for the generation of heavy-metal-
labelled antibodies for mass cytometry has been provided by
Nolan and co-workers [69]). The detection of multiple markers
enables separation of cells in complex biological mixtures such as
blood, providing quantitative measurements of diagnostic cell
populations (Fig. 4) [46].

Even the earliest example of an ICP-MS-based immunoassay for
thyroid stimulating hormone showed improved sensitivity,
compared to radioimmunoassay results for the same clinical sam-
ples [72]. More recent examples have explored the use of different
labelling methods and signal amplification strategies, such as
conjugated nanoparticles or metal-chelating polymers, to develop
sensitive multi-parameter sandwich ELISAs and microarrays
[46,80]. This multiplexing ability and compatible antibody labelling
strategies of ICP-MS ELISAs also make this detection platform
ideally suited for improving the diagnostic capabilities of existing
flow cytometry technology [12,46]. The most recent commercially
available mass cytometers (CyTOF3; Fluidigm Corporation, South
San Francisco, US) can detect up to 40 markers per cell, compared to
typically less than 20 for fluorescence-based flow cytometry
[30,46,81].

2.4. Targeted MSI and IHC-MSI

The continued clinical utilisation of IHC and other imaging
techniques emphasises the importance of spatial information in
modern diagnostic pathology [10]. Although this technique has
evolved to complement a wide range of imaging platforms, the
exploration of IHC as an adjunct to MSI, or antibody-based targeted
MSI, only began recently [33,79]. Development of ICP-MS and
MALDI-MS into imaging platforms has led to the exploration of
several targeted MSI methods, which are analogous to mass
cytometry and MALDI/LDI mass tag strategies, respectively. How-
ever, these methods provide additional spatial information, which
would prove indispensable if MS detection were to replace tradi-
tional antibody detection methods in clinical settings.
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2.4.1. Imaging mass cytometry

Imaging mass cytometry (IMC) applies the principles of mass
cytometry in combination with a form of laser ablation ionisation to
create raster images of metal ions from antibody conjugates (Fig. 5)
[79]. The technology was originally used to demonstrate the po-
tential of multiplexed IMC experiments as a revolutionary quanti-
tative biomarker detection tool for breast cancer with subcellular
spatial resolution [82]. This study was followed by an exploration of
patient responses to trastuzumab treatment for breast cancer using
IMC, which proves that this technique can also serve as an

15

important prognostic tool, which could be used to inform treat-
ment regimens [83]. Since, IMC has been applied to biomarker
detection for an extensive range of human diseases, with a focus on
applications involving immune cells, including the study tumour-
immune cell interactions, autoimmune diseases and immunophe-
notyping [69].

2.4.2. Targeted MALDI/LDI imaging
Targeted MALDI/LDI-MSI employs similar principles to those of
mass tag-based immunoassays, whereby low m/z fragments are
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Fig. 4. Mass cytometry imaging of various antigens in normal human prostate tissue. Reprinted with permission from Ref. [79].
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cleaved from labelled antibodies by a scanning MALDI laser, thus
enabling localisation of antibody binding sites on tissue sections
(Fig. 5) [33,70,84,85]|. Because MALDI/LDI methods can detect non-
metal mass tags, the predicted costs of generating a wide range of
antibody conjugates could be significantly lower compared to IMC.
However, a present limitation to their wider application is the
requirement for individual chemical syntheses for each mass tag of
different m/z [33,68]. An effective solution is to incorporate pho-
tocleavable groups into peptide mass tags, which can then be easily
modified by changing the amino acid or nucleotide sequence of the
cleaved fragment. This tactic has been demonstrated using both
solid-phase and automated peptide synthesis for duplexed imaging
of ovarian cancer biomarkers [78,84].

Alternatively, notable examples of targeted LDI-MSI have
focused on signal-enhancement strategies, such as the utilisation of
multiple mass tags conjugated to avidin. These conjugates enabled
labelling of biotinylated antibodies to breast cancer antigens with a
higher number of tags without disrupting antigen-binding activity
[70]. In this system, horseradish peroxidase and alkaline
phosphatase-conjugated streptavidin/avidin can also be used for
dual light microscopy and MS imaging because these enzymes ca-
talyse formation of both coloured precipitates and amplified m/z
signals from conventional IHC substrates [68,70]. Dendrimer-based
mass tags for amplifying LDI signals from an activity-based probe,
which binds to a specific enzyme receptor, have also been reported.
Although this amplification strategy has yet to be demonstrated for
antibodies; however, the authors pre-empted the imminent
investigation of click chemistry as a tool for mass tag conjugation
and amplification [33,86].

2.5. Challenges and outlook for labelled antibodies in clinical MS

More recent examples of immunoassays with MS detection have
aimed to develop low-cost, transportable platforms that can be
used for point-of-care diagnostic tests. For example, fluorescent
mass-tagged aptamers and conductive chips have been utilised for
multiplexed sensitive detection of cancer antigens using ESI-MS
|87]. Other examples make use of simple mass tags that hydro-
lyse under mild alkaline conditions have been used to detect ma-
laria and cancer biomarkers via a degradable paper-based device
and nano-ESI-MS [88]. Paper spray MS (PSMS) methods such as this
have notable clinical utility as they can be used to analyse small
volumes, such as pin-prick blood samples, using handheld mass
spectrometers [89].

Meanwhile, significant advancements in MALDI-MSI instru-
mentation, such as improved spatial resolution for cellular and sub-
cellular localisation, will hopefully lead to the eventual matching of
MSI capabilities with that of fluorescence microscopy [90]. The
coupling of MALDI sources to high resolution mass analysers and
additional separation techniques, such as ion mobility, has enabled
localisation of proteins with improved selectivity, which will likely
be a useful feature for targeted multiplexed imaging applications
[91,92]. A range of additional ambient ionisation techniques, which
require minimal sample preparation and have already been utilised
for cell and plasma-based immunoassays, allude to new possibil-
ities for MSI as a means of rapidly detecting biomarkers in clinical
samples [87,92,93].

While these new developments offer promising solutions as
detection methods for multiplexed immunoassays and IHC, such
platforms are still limited by the cost and availability of commer-
cially available labelling reagents, which often necessitates indi-
vidual custom syntheses [33,87,94]. And like conventional
immunoassays, each antibody must be carefully validated and to
ensure specificity for target antigens and appropriate sensitivity for
the given detection method [95]. Traditional detection methods
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will therefore continue have an important role in the validation of
potential antibody panels for MS biomarker detection. Importantly,
much of the existing literature is focussed on method development
and the demonstration of novel techniques, with fewer examples
applying them to broader clinical applications or aiming to estab-
lish standardised workflows [33,96,97]. As such, there is a need for
larger translational and preclinical studies to establish practical and
reproducible ways of utilizing these approaches as viable diag-
nostic tools.

3. Summary

Experienced pathologists can easily diagnose many important
human diseases using basic histological techniques [31]. Hence, the
development of MS methodology for clinical applications should be
focused on conditions for which accurate clinical assessment re-
quires greater specificity and/or multiplexed analysis. The potential
for MS technology to detect biomolecules that are not amenable to
immunochemical detection and analyse multiple biomarkers
simultaneously makes it an ideal platform for diagnosing multi-
factorial diseases that have proven challenging using conventional
approaches. However, the inherent limitations of common MS
detection methods for complex biological samples preclude their
wider clinical adoption. Hyphenated immunochemical-MS ap-
proaches have offered promising solutions to some of these limi-
tations, such as increased sensitivity, specificity, dynamic range, in
addition to facilitating affordable and quantitative multiplexed
analyses.

There is a growing emphasis on delivering personalised medi-
cine, which acknowledges the multitude of confounding factors-
genetic, environmental or otherwise-that can influence patients’
individual risks of developing a disease and responses to treatment
|98]. Diagnostic tests that integrate different technologies and
evaluate multiple biomarkers will be required to facilitate
improved clinical outcomes for a range of human diseases [99]. Of
these, multiplexed MSIA technologies offer the potential for
improved diagnostic performance, as such tests will not be reliant
on a single marker or proteoform and therefore more effective for
assessing diseases with high patient-to-patient variability. Like-
wise, the simultaneous quantification and localisation of low-
abundance biomarkers, which is difficult using IHC methods
based on staining intensities or cell counts, is practically feasible
using MSI and is increasingly recognised as an important tool in
clinical research [30,100].
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CHAPTER TWO

Synthesis of modifiable photocleavable MALDI mass tags using copper click

chemistry

Foreword

In Chapter 1, we established that a significant limitation of existing mass spectrometry (MS)-based
immunoassay platforms is the amount of time and effort required to modify the structure of mass tags, which
is necessary for simultaneous analysis of multiple biomarkers. We hypothesised that a simple way to overcome
this issue is to design mass tags that can be modified by conjugation to peptides via simple bio-orthogonal
chemistries. Our prototype design for a MS-cleavable linker therefore included of an alkyne handle for copper-
catalysed azide-alkyne cycloaddition (‘copper click’) to an azide-containing peptide. The linker also featured an
ortho-nitrobenzyl ether moiety, to enable cleavage of the conjugated peptide by the 355 nm laser of a matrix-
assisted laser desorption/ionisation (MALDI)-MS. Attachment of these mass tags to proteins was facilitated by
an N-hydroxysuccinimide (NHS) ester; however, we also demonstrated the capacity to easily modify the linker
structure to include various other reactive groups, which could be used to incorporate other biomolecules by
exploiting their various reactivities. The NHS linker was then used to label an antibody reactive to a biomarker
associated with several human neurodegenerative and psychiatric diseases, brain-derived neurotrophic factor,
and we were able to detect the cleaved mass tag using MALDI-MS. The success of these preliminary experiments
prompted our continued investigations of different conjugation chemistries and MS-cleavable groups, which

could improve the utility of this platform.
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Abstract

Growing recognition of the independent limitations of both conventional immunoassays and mass
spectrometry for biomarker detection and quantification has led to the development of hyphenated techniques,
which combine antibody-based biomarker targeting with mass spectrometric detection. One branch of this
broad area of research is focused on the development of chemical labels, or ‘mass tags,” which improve the
detection of large biomolecules, such as antibodies, to better enable their ionization and quantification using
standard mass spectrometry instrumentation. A key consideration for this strategy is the ease with which these
mass tags can be modified to enable variation in their structure and subsequent mass-to-charge ratio during
analysis. The ability to easily synthesize a wide array of different tags would enable the simultaneous detection
of multiple biomarkers. In the present study, we employ copper-catalyzed azide-alkyne cycloaddition chemistry
to conjugate an azide-labelled peptide or fluorophore mass tag to proteins via a photocleavable linker, which
releases the tag during matrix-assisted laser desorption/ionization (MALDI) mass spectrometric analysis. This
linker is successfully used for the fluorescence and MALDI detection of an antibody, demonstrating its potential

utility for identifying large intact biomolecules in mass spectrometry-based immunoassays.

Keywords: Mass spectrometry, Matrix-assisted laser desorption/ionization (MALDI), Copper click, Mass tag,

Peptides, Antibodies, Immunoassay
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Introduction

Mass spectrometry (MS), in its various forms, has become an important tool in modern clinical
diagnostics.! Recently, chemical labelling with cleavable reporter ions, or mass tags, has been utilized to expand
the scope of biomolecules that can be analyzed and quantified using widely available MS instruments.?” For
liquid-chromatography (LC)-MS applications, mass tag reagents often include a collision-induced dissociation
(CID)-labile linker, which generates a reporter ion of a given m/z that can be easily identified and tailored to fit
within the dynamic range of most instruments.3 This concept has been extended to inductively coupled plasma
(ICP), and matrix-assisted and matrix-free laser desorption/ionization (MALDI and LDI, respectively)-MS, which

can retain the localization of analytes on a tissue section or array.%1°

Antibodies are useful detection agents for a wide range of significant biomarkers, which can be difficult
to detect directly via MS owing to poor sighal/noise ratios in biological samples.!! However, heterogeneous
proteins pose additional challenges for conventional MALDI instruments, which have limited mass resolution for
high m/z ions.>13 Mass tags are therefore useful for differentiating between multiple antibodies in a single
experiment and enabling multiplexed biomarker detection. The most prevalent example of this strategy is the
use of heavy metal-labelled antibodies for detection of biomarkers using ICP-MS.* Nevertheless, this approach
requires expensive reagents and the harsh ionization conditions retain limited information about intact
biomolecules prior to atomization.'®> An alternative strategy is to instead utilize organic photocleavable linkers,

which produce characteristic fragments when exposed to the ultra-violet (UV) light of a MALDI laser.>*®

One major factor limiting the wider uptake of organic mass tags is the time and effort required to
individually synthesize tags of different m/z, which precludes their application in high-throughput multiplexed
experiments. Some examples make use of photocleavable linkers that can be incorporated into solid-phase and
automated peptide synthesis, in which peptide-based mass tag m/z ratios can be modified by altering the amino
acid sequence. However, these approaches still require additional time-consuming synthesis and purification
steps. We proposed a solution to this issue involving the covalent attachment of peptide mass tags using the
bio-orthogonal copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. This approach enables the
modification of a single alkyne-containing linker using azide-containing mass tags, which can be requested as
part of commercial custom peptides, as well as found in many existing reagents. Furthermore, we demonstrate
a workflow for antibody conjugation and purification that can be performed using common high-throughput
protein purification techniques. This simplified mass tag analysis procedure thereby demonstrates the potential

for targeted MALDI-MS as a clinical biomarker detection method.
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Results and Discussion

The ortho-nitrobenzyl group was an obvious starting point for our photocleavable linker, given this
group demonstrates efficient cleavage at wavelengths close to that of the high-frequency neodymium-doped

yttrium aluminum garnet (Nd:YAG) lasers of most hewer MALDI imaging systems (355 nm; Figure 1).%6
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Figure 1. Photodissociation mechanism for an o-nitrobenzyl ether derivative showing release of 1,4-triazole moiety formed during copper-

catalyzed azide-alkyne cycloaddition.’

O-nitrobenzyl derivatives also have highly tunable absorption maxima, which are predominantly
influenced by altering substituents on the aromatic ring.'® The photoreactivity of these linkers is further
enhanced by the attachment of mass tags via ether linkages, which are also stable in buffered aqueous solutions
and therefore suitable for applications using native proteins and sensitive biomolecules.® For these reasons, o-
nitrobenzyl ethers have already been used as MALDI probes for targeted mass spectrometry imaging (MSI) of
proteins.?’ For our novel linker design, we modified this structure to include a terminal alkyne, which enables
conjugation to azide-containing peptides via copper-catalyzed azide-alkyne cycloaddition (CuAAC or copper click;

Figure 2).2122
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Figure 2. Conjugation of alkyne o-nitrobenzyl linker to an azide-labelled peptide via copper-catalyzed azide-alkyne cycloaddition.

Synthesis of these CUAAC linkers can easily be achieved by starting from the commercially available
hydroxyethyl photolinker 2 (Merck, Darmstadt, Germany). However, we synthesized a large quantity of 2 using
affordable and readily available reagents, by adapting a previously described method (see Supporting
information).?® Functionalization with a terminal alkyne was accomplished through subsequent alkylation with
propargyl bromide. Amine-reactive N-hydroxysuccinimide (NHS) 4 and pentafluorophenyl (PFP) ester 6 linkers
were synthesized via esterification of acid 3 with N,N'-disuccinimidyl carbonate (DSC) or bis(pentafluorophenyl)
carbonate (PFP20), respectively. Alternatively, aldehyde-reactive hydrazide 5 was synthesized by methyl-

esterification and subsequent hydrazinolysis (Figure 3).

Lysozyme was used as a model protein for optimization of bioconjugation experiments, owing to its
affordability and 14.3 kDa molecular weight, which is conveniently within a suitable range for obtaining MALDI
spectra of the intact protein with sufficient resolution to identify modifications, and also above the molecular
weight cut-offs (MWCO) of common commercial protein purification devices. The protein was labelled with NHS
linker 4, which was then conjugated to an azide-labelled peptide, peptide A (ACTK[N3]FYH-NH) via CUAAC under
non-denaturing conditions. MALDI-MS spectra of the purified conjugate shows modifications to the intact
protein, evident as additional peaks at intervals approximately equal to the 282 Da remaining fragment of the
photocleaved linker after loss of the peptide (Figure 4A). The expected modified peptide photocleavage product
was also observable at 818.5469, 840.5319 and 856.5111 m/z as its respective protonated molecular ion, sodium
adduct and potassium adduct, indicating that both NHS coupling and CuAAC steps were successful (Figure 4B).
The additional absence of peaks corresponding to unmodified peptide A suggests the purification procedures

for removing unreacted reagents were also effective.
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Figure 3. Synthesis of o-nitrobenzyl derivatives with amine (4 and 6) and oxidized glycan (5)-reactive functional groups.

These conjugation methods were then adapted for the generation of a mass-tagged biomarker-specific
antibody for the detection of brain-derived neurotrophic factor (BDNF). BDNF was an attractive candidate for
our immunoassay method development, being considered a circulating marker of various neurodegenerative

and psychiatric disorders, yet lacking a validated clinical assay.?*

Successful conjugation of linker 4 to an anti-BDNF antibody was visualized using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) following CuAAC to the azide-labelled fluorophore cyanine-3
(Cy3 azide; Figure 5A). The Cy3-labelled band appears fainter when visualized using Coomassie Brilliant Blue
staining, which could result from reduced interactions between the anionic Coomassie dye and lysine residues
after their modification with the negatively charged Cy3 label.?> However, the presence of Cy3-labelled bands at
approximately 25, 50 and 150 kDa, which correspond to the light and heavy chain fragments and residual non-
reduced immunoglobulin, respectively, indicates successful conjugation of the fluorescent label to the antibody.
We were unable to identify the intact molecular ion for the cleaved fluorophore using MALDI-MS, possibly owing
to decomposition of the cyanine fluorophore resulting from the acidic matrix conditions and laser desorption.?®
However, these results also suggest that this linker could be used to create multimodal probes if fluorophores

with suitable properties for MS detection are used, or following further optimization of sample preparation and

analysis conditions.
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Figure 4. Matrix-assisted laser desorption/ionization mass spectra of lysozyme labelled with photocleavable linker 4 and conjugated to

peptide A, showing unmodified and modified intact protein (A) and photocleaved peptide (B).

Next, the anti-BDNF antibody was modified with NHS linker 4 and peptide A, to facilitate its detection
using MALDI-MS, resulting in a spectrum that, above m/z 700 (the lower threshold for most CHCA matrix

background ions), was dominated by ions corresponding to the photocleaved peptide (Figure 5B).

These preliminary results demonstrate that NHS-based linker 4 can be applied to the MALDI-MS
detection of antibodies. However, further investigation is required to determine the effects that this labelling
strategy will have on the antigen-binding activity of antibodies, with modification of lysine residues in antigen-
binding regions potentially leading to loss of activity.?” As alternatives, linkers 5 and 6 employ alternative
respective labelling chemistries: (1) hydrazides, which are often used for labelling antibodies owing to their
specificity for oxidized glycan residues and are therefore less likely to alter antigen binding regions, and (2) PFP
esters, which are reportedly less prone to aqueous hydrolysis compared to NHS esters.?82° The conjugation of
mass tags to antibodies using these other conjugation chemistries has yet to be optimized; however, we consider
the application of our NHS linker to be a suitable preliminary study, owing to the common use of reactive esters

in the existing literature.?’
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Figure 5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (A) and matrix-assisted laser desorption/ionization spectra (B) of anti-

brain-derived neurotrophic factor antibody labelled with linker 4 and conjugated to cyanine 3 (Cy3) dye and peptide A, respectively.

A major challenge for conventional immunoassay development is overcoming the costs, time and
sample quantities required for individual biomarker analysis.3® Coupled with the fact that many multifactorial
diseases, such as cancers, require assessment of multiple markers for effective treatment monitoring, there is
unsurprisingly a growing focus on developing and validating multiplexed assays.3!. This interest in analyzing
multiple biomarkers simultaneously has contributed to the increasing uptake of LC-MS in clinical settings.3% 32
However, several requirements of LC-MS limit its suitability for detecting protein biomarkers, including extensive
sample preparation and chromatography steps.33-3 In terms of sample throughput, MALDI-MS overcomes many
of the shortcomings of ESI-MS thanks to its tolerance for sample contaminants such as salts and detergents.?
However, the tendency of MALDI to produce predominantly singly charged ions, combined with limited resolving
power of the most common (linear TOF) mass analyzers at high m/z, prohibits its wider utility in the analysis of
complex samples without additional offline fractionation or enrichment steps.3%38 The commercial pipette-tip-
based mass spectrometric immunoassay (MSIA™) developed by Nelson and coworkers selectively enriches
biomarkers using immobilized antibodies and can be used for detection of intact proteins eluted directly into
MALDI matrix.3* 3° This approach thus eliminates the need for prior enzymatic digestion or time-consuming
chromatography steps, but is limited to proteins that can be effectively ionized and have sufficient m/z
resolution to differentiate between them using MALDI-MS. Alternatively, mass-tagged antibodies could be used
to detect these immobilized biomarkers, followed by MALDI-MS analysis of the matrix eluent in the m/z range
relevant to the photocleavage product. The number of biomarkers which could practically be measured
simultaneously would therefore be limited by the number of different mass tags available, rather than the

limited ability of MALDI to ionize and resolve intact high molecular-weight biomolecules.*®
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Our CuAAC approach could also enable absolute quantitation of biomarkers by simplifying the
generation of stable isotope-labelled (‘heavy’) analytical standards into the photocleavage product by
incorporating isotopes into the linker structure, and therefore making individual syntheses of heavy peptides
unnecessary. Furthermore, the versatility of the CUAAC reaction means that our strategy is not limited to the
use of peptide mass tags, with the potential for modification of the photolinker structure using any other azide-
containing molecule. The methods demonstrated here therefore provide valuable precedent for the application
of click chemistry in antibody labelling and its potential to generate multimodal mass tags with tailored m/z and

ionization properties.
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Experimental Procedures

Synthesis of MALDI-cleavable linkers

General. Light-sensitive reactions and intermediates (compounds 2-6) were protected from long-term
exposure to light. All reagents were purchased from Sigma-Aldrich (Castle Hill, Australia) or Chem-Supply
(Gillman, Australia) unless stated otherwise. Column chromatography was performed on 0.2-0.5 mm (Scharlau
Science Group, Barcelona, ES) or 0.04-0.063 mm (Carl Roth GmbH & Co. KG, Karlsruhe, GE) silica gel 60
deactivated by washing with dilute triethylamine for acid-sensitive compounds 4 and 6. 500 MHz 'H and *3C
nuclear magnetic resonance (NMR) spectra were obtained using an Agilent 500/54 Premium Shielded NMR
spectrometer (Agilent Technologies, Santa Clara, USA). 600 MHz H and 3C NMR spectra were acquired using an
Oxford 600 NMR spectrometer (Oxford Instruments, Abingdon, UK). °F NMR spectra were obtained using a
Bruker Avance Ill 500 MHz NMR spectrometer (Bruker Daltonics, Billerica, USA). High-resolution mass
spectrometry (HRMS) data were obtained using an Agilent 6230 TOF LC/MS equipped with an Infinity 1260 LC

system (Agilent Technologies).

4-(2-Methoxy-5-nitro-4-{1-[(prop-2-yn-1-yl)oxy]ethyl}phenoxy)butanoic acid (3). The synthesis of
compound 2 was adapted from previously published methods (see Supporting Information).?® 4-[4-(1-
Hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic acid (2; 6.59 g, 22 mmol) was dissolved in dry
dimethylformamide (100 mL) and cooled to 0 °C. Sodium hydride (3.37 g, 140 mmol) was added to the stirred
solution, followed by distilled propargyl bromide (4.71 g, 40 mmol) and sodium iodide (3.32 g, 22 mmol). The
reaction was stirred overnight at room temperature, before quenching with water (100 mL). The suspension was
then adjusted to pH 3 via addition of 1 M hydrochloric acid and extracted with 3:1 chloroform/isopropanol (3 x
50 mL). The combined organic extracts were washed with 10 % aqueous sodium thiosulfate (50 mL), then brine
(50 mL) and dried over magnesium sulfate. The solvent was removed under reduced pressure and the crude
residue purified via silica flash chromatography (20-50 % ethyl acetate in hexanes with 0.1-1 % formic acid) and
recrystallized from hot ethanol to obtain the product as a yellow crystalline solid (3.55 g, 48 %). *H NMR (600
MHz, CDCl3): 6 10.7 (br s, COOH), 7.59 (s, 1H, aromatic), 7.20 (s, 1H, aromatic), 5.38 (q, / = 6.2 Hz, 1H,
CH(OCH2CCH)CHs), 4.14 (td, J = 6.2, 1.5 Hz, 2H, OCH2CH2CH.COOH), 4.05 (dd, J = 15.5, 2.5 Hz, 1H, CH2CCH), 3.96
(dd, J = 15.6, 2.4 Hz, 1H, CH2>CCH), 3.96 (s, 3H, OCHs), 2.63 (t, J = 7.2 Hz, 2H, CH2COOH), 2.40 (t, J = 2.4 Hz, 1H,
CCH), 2.25-2.16 (m, 2H, CH2CH2COOH), 1.54 (d, J = 6.2 Hz, 3H, CH(OCH2CCH)CHs); 3C NMR (126 MHz, CDCl3): &
180.5 (COOH), 157.0 (aromatic), 149.7 (aromatic), 143.1 (aromatic), 137.3 (aromatic), 111.8 (aromatic), 111.3
(aromatic), 81.9 (CH2CCH), 77.3 (CH2CCH), 75.5 (CH(OCH2CCH)CHs), 70.7 (OCH2CH2CH2COOH), 59.1 (OCHs and
CH>CCH), 32.8 (OCHs and CH.CCH), 26.7 (OCH2CH>CH2COOH), 26.1 (CH(OCH.CCH)CHs); HRMS: calcd. for
(C16H1sNO7)Na*: 360.1054, found 360.1055.

N-Hydroxysuccinimidy! 4-(2-methoxy-5-nitro-4-{1-[(prop-2-yn-1-yl)oxy]ethyl}phenoxy)butanoate (4). 4-
(2-Methoxy-5-nitro-4-{1-[(prop-2-yn-1-yl)oxy]ethyl}phenoxy)butanoic acid (3; 33 mg, 0.10 mmol), N,N"-
diisopropylethylamine (DIEA; 68 pL, 0.39 mmol) and DSC (28 mg, 0.11 mmol) were dissolved in dry acetonitrile
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(5 mL) and the reaction was stirred for 4 hours at room temperature. The reaction was cooled to -20 °C, then
syringe-filtered and the solvent removed under a gentle stream of nitrogen gas. The crude residue was purified
via silica flash chromatography (50-60 % ethyl acetate in petroleum benzene) to afford the product as a viscous
yellow oil (21 mg, 48 %). *H NMR (500 MHz, CDCls): § 7.61 (s, 1H, aromatic), 7.22 (s, 1H, aromatic), 5.38 (q, J =
6.2 Hz, 1H, CH(OH)CHs), 4.19 (t, J = 6.0 Hz, 2H, OCH2CH2CH2COOH), 4.06 (dd, J = 15.5, 2.4 Hz, 1H, CH.CCH), 3.98
(s, 3H, OCHs), 3.96 (dd, J = 15.5, 2.4 Hz, 1H, CH>CCH), 2.95-2.83 (m, 6H, CH.COO and NHS), 2.41 (t, /= 2.3 Hz, 1H,
CCH), 2.31 (m, J = 6.7 Hz, 2H, CH2CH,C00), 1.55 (d, J = 6.2 Hz, 3H, CH(OH)CHs); 3C NMR (126 MHz, CDCl3): &
171.7 (NHS), 170.8 (COO), 157.1 (aromatic), 149.6 (aromatic), 143.1 (aromatic), 137.5 (aromatic), 112.1
(aromatic), 111.3 (aromatic), 81.9 (CH2CCH), 77.4 (CH2CCH), 75.5 (CH(OCH2CCH)CHs), 70.1 (OCH2CH2CH2C0O0),
59.1 (CH2CCH), 59.0 (OCHs), 30.2 (OCH2CH2CH,COO0), 28.3 (NHS CHz), 26.8 (OCH2CH2CH2C0O0), 26.1 (CH(OH)CHs);
HRMS: calcd. for (C20H22N209)Na*: 457.1218, found 457.1215.

4-(2-Methoxy-5-nitro-4-{1-[(prop-2-yn-1-yl)oxyjethyl}phenoxy)butanehydrazide (5). 4-(2-Methoxy-5-
nitro-4-{1-[(prop-2-yn-1-yl)oxylethyl}phenoxy)butanoic acid (3; 277 mg, 0.82 mmol) was dissolved in dry
methanol (10 mL). Thionyl chloride (200 uL, 2.7 mmol) was added dropwise while stirring. The reaction was
stirred overnight at room temperature, then the solvent removed in vacuo and the residue co-evaporated with
methanol (3 x 10 mL) to obtain a waxy yellow solid. The crude product was redissolved in dry methanol (10 mL)
before addition of 100 % hydrazine hydrate (100 uL, 0.82 mmol) and the reaction stirred at room temperature
overnight. The solvent was removed in vacuo to obtain a viscous yellow oil (267 mg, 93 %). *H NMR (500 MHz,
CDCls): 6 7.57 (s, 1H, aromatic), 7.21 (s, 1H, aromatic), 7.08 (br s, 1H, NH), 5.37 (q, J = 6.3 Hz, 1H. CH(OH)CHs),
4.11 (td, J = 6.1, 2.0 Hz, 2H, OCH2CH,CH2C0O0), 4.04 (dd, J = 15.5, 2.4 Hz, 1H, CH.CCH), 3.98-3.94 (m, J = 2.4 Hz,
4H, OCHs and CH.CCH), 2.44-2.38 (m, 3H, CCH and CH.COO0), 2.25 — 2.15 (m, 2H, CH2CH2COOH), 1.53 (d, J = 6.2
Hz, 3H, CH(OH)CHs); 3C NMR (126 MHz, CDCls): & 173.4 (COO), 154.6 (aromatic), 147.4 (aromatic), 140.9
(aromatic), 135.1 (aromatic), 109.5 (aromatic), 109.0 (aromatic), 79.6 (CH2CCH), 75.1 (CHCCH), 73.2
(CH(OCH2CCH)CHs), 68.8 (OCH2CH2CH2COO), 56.9-56.8 (OCHs and CH.CCH), 31.3 (OCH2CH2CH.COO), 25.0
(OCH2CH2CH2CO00), 23.8 (CH(OCH2CCH)CHs); HRMS: calcd. for (C16H1sNO7)Na*: 360.1054, found 360.1055; HRMS
calcd. for (C16H21N306)H*: 352.1509, found 352.1511.

2,3,4,5,6-pentafluorophenyl  4-{2-methoxy-5-nitro-4-[1-(prop-2-yn-1-yloxy)ethyl]phenoxy}butanoate
(6). 4-(2-Methoxy-5-nitro-4-{1-[(prop-2-yn-1-yl)oxy]ethyl}phenoxy)butanoic acid (3; 48 mg, 0.14 mmol), DIEA
(104 L, 0.60 mmol) and bis-pentafluorophenyl carbonate (64 mg, 0.16 mmol) were dissolved in dry acetonitrile
(10 mL) and the reaction was stirred for 3 hours at room temperature. The solvent was removed in vacuo and
the crude residue purified via silica flash chromatography (25-60 % ethyl acetate in petroleum benzene) to
obtain a viscous red/brown oil (11.2 mg, 27%). *H NMR (599 MHz, CDCls): & 7.60 (s, 1H, aromatic), 7.22 (s, 1H,
aromatic), 5.38 (q, J = 6.2 Hz, 1H, CH(OH)CHs), 4.18 (td, J = 6.1, 2.2 Hz, 2H, OCH2CH2CH2C0O0), 4.05 (dd, J = 15.6,
2.4 Hz, 1H, CH.CCH), 3.98-3.95 (m, 4H, OCHs and CH.CCH), 2.95 (t, J = 7.3 Hz, 2H, CH.COOH), 2.40 (t, J = 2.4 Hz,
1H, CCH), 2.35-2.30 (m, 2H, CH2CH2C0O0), 1.54 (d, J = 6.3 Hz, 3H, CH(OH)CHs); 3C NMR (151 MHz, CDCls): 6 169.0
(CO0) 154.57 (aromatic), 147.08 (aromatic), 142.5-141.7 (m, PFP), 140.6-140.3 (m, CNOz and PFP), 138.9-138.6
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(m, PFP), 137.3-137.0 (m, PFP), 135.1 (aromatic), 109.5 (aromatic), 108.8 (aromatic), 79.3 (CH2CCH), 74.8
(CH2CCH), 72.9 (CH(OCH2CCH)CHs), 67.9 (OCH2CH2CH2C0O0), 56.6 (OCH3 and CH2CCH), 30.0 (OCH2CH2CH2COO0),
24.3 (OCH2CH2CH2C0O0), 23.6 (CH(OCH2CCH)CH3); HRMS calcd. for (Ca2H18FsNO7)H*: 504.1076, found 504.1026.

Synthesis and characterization of azide-labelled peptide

Unless otherwise indicated, all starting materials were purchased from commercial sources and used
without further purification. All L-amino acids purchased from Chem Impex International. RP-HPLC solvents were
buffer A: H20 with 0.1 % TFA, and buffer B: ACN with 0.1 % TFA; 0.2 um filtered. Purity of all compounds was
determined by analytical RP-HPLC on an Agilent 1260 Infinity HPLC equipped with a Phenomenex Luna C18(2)
column (250 x 4.6 mm) over a linear gradient of 0-100 % B (15 min). Mass spectra for characterisation were
collected using a Bruker HCT Ultra (Bruker Daltonics) via direct injection, and ACN with 0.1 % formic acid as the

running buffer.

Solid-phase synthesis of peptide Ac-TK(N3)FYH-NH: (peptide A). The following Fmoc-protected amino-
acids were used for all peptides unless otherwise specified. All amino-acids were purchased from Chem-Impex
Int’l.: Fmoc-L-Thr(tBu)-OH Fmoc-L-Lys(e-N3)-OH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-His(Trt)-OH. Rink
Amide PL resin (0.1 mmol, 322 mg, 0.31 mmol/g, Agilent) was swollen in 1:1 N,N-dimethylformamide
(DMF)/dichloromethane (10 mL) for 15 min. The mixture was transferred to a fritted syringe, the solution
drained, and the resin washed with DMF (3 x 5 mL). The Fmoc-protecting group was removed by treatment of
the resin with a solution of 20 % piperidine in DMF (5 mL) for 15 min. The solution was drained and the resin
washed with DMF (3 x 5 mL). Amino-acid couplings were achieved by addition of a solution of Fmoc-protected
amino-acid (5 equivalents), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU; 5 equivalents) and DIEA (10 equivalents, 174 uL) in DMF (5 mL), to the resin and
stirred intermittently for 1 h. The solution was drained and the resin washed with DMF (5 x 5 mL). The N-terminal
Fmoc-protecting group was removed by treatment of the resin with a solution of 20 % piperidine and in DMF (5
mL) for 10 min, the solution was drained and the resin washed with DMF (5 x 5 mL). A TNBS test was used to
verify each coupling (negative/colourless) and deprotection (positive/red) step, with steps repeated as
necessary. Successive couplings and Fmoc-deprotections were repeated to achieve the desired sequence. After
the final Fmoc-deprotection, the N-terminal amine was protected with an acetyl functionality by reaction with
acetic anhydride (470 pL) and DIEA (870 uL) in DMF (10 mL) for 15 min. The resin was washed with DMF (3 x 5
mL), and dichloromethane (5 x 5 mL) then dried with Et20 (3 x 5 mL). The peptide was cleaved from the resin by
addition of 95:2.5:2.5 TFA/TIPS/H20 (6 mL) to the resin and rocked for 1 h. The TFA solution was pipetted from
the resin and concentrated to 0.5-1 mL under a nitrogen stream, then the peptide was precipitated with diethyl
ether (10 mL) and the mixture cooled to -20°C. The precipitate was pelleted by centrifugation (7600 rpm, 10
min) and the supernatant decanted. The pellet was dried under a nitrogen stream, and then dissolved in 1:1
ACN/H20, before syringe filtering (0.2 um) and lyophilised to give the crude peptide as a white fluffy powder
(~40 % crude purity). ESI-MS calcd. for (CssHa7N110g)H*: 762.8, found: 762.6; Rt (C1s, 0-100 %, 20 min) 12.0 min.

34



TNBS Test. A small spatula of swollen resin was taken out and 1 drop each of TNBS (100 pL 5 % w/v
picrylsulfonic/trinitrobenzenesulfonic acid in H20 added to 900 puL of DMF) and DIEA solutions (100 pL in 900 pL
of DMF) added and allowed to develop for 1 min. Clear/yellow beads indicated no free amine (negative), while

red/orange beads showed free amine was present (positive).

Conjugation of photocleavable linkers to biomolecules

N-hydroxysuccinimide ester coupling to proteins. Twenty molar equivalents of NHS photolinker 4 in
DMSO (5.26 uL, <5 % final concentration) was added to 1 mg/mL protein in 1x phosphate-buffered saline (PBS;
100 pL) and the mixture incubated at room temperature in the dark for 30 min. The labelled protein was purified
using Pierce™ Dye Removal Column resin (Thermo Fisher Scientific, Waltham, USA) and stored at -20°C until
further use. NHS ester coupling to primary amines on proteins was first optimized using 1 mg/mL lysozyme (from
chicken egg white; Sigma Aldrich, St Louis, USA). Conjugation to antibodies was then demonstrated using 1

mg/mL anti-BDNF antibody (Biosensis, Thebarton, Australia).

General procedure for CuAAC reactions. The CuAAC procedure was based on previously published
methods.**3 Briefly, purified and undiluted protein conjugates labelled with NHS photolinker 4 (20 pL) were
diluted with PBS (90 uL), followed by addition of aqueous solutions of 2.5 mM azide-containing crude peptide A
(ACTK[N3]FYH-NH2;20 uL) or Cy3-azide (Sigma Aldrich), 100 mM tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyllamine (BTTAA; 10 uL; Click Chemistry Tools, Scottsdale, USA), 20 mM copper sulfate (10 pL) and 300
mM sodium ascorbate (10 pL). The reaction was incubated at room temperature for 30 min, then purified and
concentrated into PBS (100 pL) using a 10 kDA MWCO Amicon® Ultra-0.5 Centrifugal Filter Device (Merck

Millipore, Burlington, USA).

SDS-PAGE analysis of Cy3-labelled anti-BDNF antibody. Protein SDS-PAGE was performed using a Mini-
PROTEAN® TGX™ 10-well precast gel and Mini-PROTEAN® Tetra vertical electrophoresis cell (both Bio-Rad,
Hercules, US). Bands were visualized using a ChemiDoc XRS+ imaging system (Bio-Rad) before and after staining
with Coomassie Brilliant Blue stain (Thermo Fisher Scientific) with the Cy3 and Stain Free Gel application settings,

respectively.

Matrix-assisted laser desorption ionization profiling of protein conjugates. Matrix-assisted laser
desorption/ionization (MALDI) spectra were acquired using an ultraFlextreme MALDI-TOF/TOF mass
spectrometer in reflector positive mode, controlled by FlexControl software v3.4 (Bruker Daltonics). Protein
samples were prepared for MALDI analysis by mixing with an equal volume of either 10 mg/mL a-cyano-4-
hydroxycinnamic acid (HCCA) or sinapinic acid (SA) matrix in 70 % acetonitrile plus 1 % trifluoroacetic acid (TFA).
This solution was deposited on a Bruker MTP AnchorChip™ or ground steel 384 target plate for analysis of intact
proteins or photocleavage products, respectively. Spectra were converted to mzXML file format using
FlexAnalysis v3.4 (Bruker Daltonics), then processed, including smoothing, cropping and baseline subtraction,

using mMass v5.5.0 (http://www.mmass.org/).*
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Supporting Information

Synthesis of hydroxyethyl photolinker

Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate. Acetovanillone (1; 9.97 g, 60 mmol) and ethyl-4-
bromobutyrate (10.8 mL, 75 mmol) were dissolved in dry dimethylformamide (100 mL) while stirring and the
solution was purged with N2 for 10 min. Potassium carbonate (12.5 g, 90 mmol) was added, resulting in a light
yellow suspension, which was stirred overnight at room temperature. The reaction mixture was added slowly to
water (800 mL) and the precipitate collected via vacuum filtration. The precipitate was washed with water (3 x
20 mL) and dried under high vacuum to obtain a white powder (15.6 g, 93 %). *H NMR (500 MHz, CDCls): 61 7.56
(dd, J=8.3, 2.1 Hz, 1H, aromatic), 7.54 (d, J = 2.0 Hz, 1H, aromatic), 6.91 (d, J = 8.3 Hz, 1H, aromatic), 4.18-4.13
(m, 4H, OCH2CH2 and COOCH2CHs), 3.92 (s, 3H, OCHs), 2.57 (s, 3H, COCHs), 2.55 (t, J = 7.2 Hz, 2H, CH2COOCH2>),
2.23-2.17 (m, 2H, OCH2CH2CH>), 1.27 (t, J = 7.1 Hz, 2H, COOCH2CH3).

Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate. Ethyl 4-(4-acetyl-2-
methoxyphenoxy)butanoate (14.8 g, 53 mmol) was added in small portions to a stirred solution of 70 % nitric
acid (150 mL) at 0 °C over 30 min. The reaction was stirred for 2 h at 0 °C, then quenched by gradually diluting
the reaction mixture with water (800 mL) while stirring. The resulting yellow precipitate was collected via
vacuum filtration and washed with water (800 mL). The crude product was dried under high vacuum, then
recrystallised from hot ethanol to obtain a yellow crystalline solid (9.97 g, 56 %). *H NMR (500 MHz, CDCls): &+
7.62 (s, 1H, aromatic), 6.76 (s, 1H, aromatic), 4.21-4.14 (m, 4H, OCH>CH» and CH.COOCH-CHs3), 3.97 (s, 3H, OCH5),
2.56 (t,J = 7.2 Hz, 2H, CH2COOCH>), 2.51 (s, 3H, COCH3), 2.21 (m, J = 6.8 Hz, 2H, OCH.CH>CH>), 1.28 (t,J=7.1 Hz,
3H, COOCH.CHS3).

Ethyl 4-[4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoate. Ethyl 4-(4-acetyl-2-methoxy-5-
nitrophenoxy)butanoate (9.95 g, 31 mmol) was suspended in 100 % ethanol (150 mL) and cooled to 0 °C. Sodium

borohydride (591 mg, 15.6 mmol) was added in small portions over 10 min while stirring. The reaction was
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allowed to warm to room temperature while stirring overnight, then quenched with water (100 mL) and the
ethanol evaporated under reduced pressure. The resulting precipitate was collected via vacuum filtration,
washed with water (150 mL), and dried under high vacuum to afford an off-white crystalline solid (8.87 g, 87 %).
IH NMR (500 MHz, CDs0OD): 61 7.57 (s, 1H, aromatic), 7.29 (s, 1H, aromatic), 5.60-5.53 (m, 1H, CH(OH)CHs), 4.20-
4.08 (m, 4H, OCH>CH2 and CH2COOCH-CHBs), 3.98 (s, 3H, OCH3), 2.54 (t, J = 7.2 Hz, 2H, CH.COOCH>), 2.26 (d, J =
3.7 Hz, 1H, OH), 2.18 (m, J = 6.8 Hz, 2H, CH2CH2COOCH>), 1.56 (s, 3H, CH(OH)CHs), 1.27 (t, J = 7.1 Hz, 3H,
COOCH:CHs).

4-[4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic acid (2). Ethyl 4-[4-(1-hydroxyethyl)-2-
methoxy-5-nitrophenoxylbutanoate (8.87 g, 27 mmol) was dissolved in tetrahydrofuran (50 mL). 1 M lithium
hydroxide (100 mL) was added and the reaction stirred at room temperature for 2 h. The tetrahydrofuran was
removed under reduced pressure and the remaining aqueous solution adjusted to pH 3 via addition of 1 M
hydrochloric acid. The resulting precipitate was collected via vacuum filtration and recrystallised from hot
ethanol to obtain the product as a yellow powder (6.59 g, 82 %). *H NMR (500 MHz, CDs0D): &+ 7.59 (s, 1H,
aromatic), 7.40 (s, 1H, aromatic), 5.46 (q, / = 6.3 Hz, 1H, CH(OH)CHs), 4.10 (t, J = 6.2 Hz, 2H, OCH>CH>CH,COOH),
3.97 (s, 3H, OCHs), 2.52 (t, J = 7.3 Hz, 2H, CH,COOH), 2.10 (m, 2H, CH.CH>COOH), 1.48 (d, J = 6.3 Hz, 3H,

CH(OH)CHs). H NMR spectra was consistent with previous reports.!
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HRMS spectra
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CHAPTER THREE

Retro Diels-Alder fragmentation of fulvene-maleimide bioconjugates for

mass spectrometric detection of biomolecules

Foreword

Following successful demonstration of the application of copper-catalysed azide-alkyne cycloaddition
(CuAAC) for synthesising mass tags, we decided to explore additional bio-orthogonal reactions, which could
enable conjugation to peptides without the need for a copper catalyst or additional reagents, such as ligands
and reducing agents. One possibility, the Diels-Alder (DA) cycloaddition reaction between maleimides and
dienes, such as pentafulvene, has been widely reported in the context of materials synthesis, but has limited
examples of its use for generating mass tag-labelled biomolecules. One explanation for the underutilisation of
these reactions could be the labile nature of these DA adducts at high temperatures or in the gas phase;
however, we exploit this property for the synthesis bioconjugates that display efficient fragmentation following
both matrix-assisted laser desorption/ionisation (MALDI) and electrospray ionisation (ESI) mass spectrometry
(MS). This new mass tag design therefore expands on our previous mass tag designs by being applicable to both
ESI analysis of liquid samples and MALDI analysis of immobilised analytes or tissue imaging without the inclusion

of a bulky photocleavable moiety.
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Abstract

Diels-Alder chemistry is a well-explored avenue for the synthesis of bioactive materials; however, its
potential applications have recently expanded following the development of reactions that can be performed in
buffered aqueous environments at low temperatures, including fulvene-maleimide [4+2] cycloadditions. In this
study, we synthesized two novel amine-reactive fulvene linkers to demonstrate the application of this chemistry
for generating mass spectrometry-cleavable labels (‘mass tags’), which can be used for the labelling and detection
of proteins. Successful conjugation of these linkers to maleimide-labelled peptides was observed at low
temperatures in phosphate-buffered saline, allowing the non-destructive modification of proteins. The labile
nature of fulvene-maleimide adducts in the gas phase also makes them suitable for both matrix-assisted laser
desorption/ionization and electrospray ionization mass spectrometric analysis. Unlike previous examples of
matrix-assisted laser desorption ionization (MALDI) mass tags, fulvene-maleimide cycloaddition adducts
fragment predictably upon gas-phase activation without the need for bulky photocleavable groups. Further

exploration of this chemistry could lead to new approaches for mass spectrometry-based bioassays.



Introduction

The non-destructive chemical modification of biomolecules, broadly labelled as
‘bioconjugation’ chemistry, has underpinned many important developments in biomedical research, including
new diagnostic methods, imaging reagents, industrial catalysis and drug design.? The copper-catalyzed azide-
alkyne cycloaddition reaction is a well-established example of such chemistry; however, continued exploration
of catalyst-free alternatives to the ‘copper click’ reaction is a common motivation for present-day organic
chemists.? Popular examples include the strain-promoted azide-alkyne cycloaddition (SPAAC) and inverse-
electron-demand Diels—Alder (IEDDA), which both have appropriate kinetics at ambient temperatures and in
aqueous conditions to make them applicable for the non-denaturing bioconjugation of proteins.3* The Diels-
Alder (DA) cycloaddition reactions of maleimides and furans are another attractive subclass of biorthogonal
chemistry, owing to their high yields under mild aqueous conditions, but are yet to be widely explored for
applications outside materials synthesis.>® This reaction is considered reversible, as the resulting adduct exists in
a dynamic equilibrium with the diene and dienophile reactants, the position of which is dependent on
temperature, solvent, and concentration.” While this is a useful property for many applications, e.g. the
manufacture of self-healing polymers, it is undesirable in scenarios where long-term stability and fast reaction
kinetics are important.”® In contrast, the DA adducts of fulvene and maleimide cycloadditions (Scheme 1) exhibit
significantly enhanced kinetics and stability under physiological conditions.® Recently, this reactivity has been
exploited for the synthesis of antibacterial polymers® and cell-encapsulating hydrogels®; however, to the best of

our knowledge it has yet to be utilized as a strategy for the direct covalent functionalization of biomolecules.
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Scheme 1.

The present study sought to demonstrate application of the maleimide-fulvene DA reaction to generate
stable protein conjugates using a pentafulvene-based chemical crosslinker with an amine-reactive
pentafluorophenyl (PFP) ester and maleimide-labelled synthetic peptides.'* A photocleavable ortho-nitrobenzyl
linker was included in the design, which was intended to result in release of the modified peptide on excitation
by a 355 nm laser, such as that of modern matrix-assisted laser desorption/ionization mass spectrometer (MALDI-
MS) sources.? This conjugate could therefore act as a reporter ion, or ‘mass tag,” used for the MS detection of
biomolecules that are otherwise difficult to accurately identify using MALDI, as previously demonstrated for

antibodies, lectins and oligonucleotides.'3>



This approach has a wide range of biomedical applications, including MALDI tissue imaging, genotyping
of single nucleotide polymorphisms, protein kinase assays, immunoassays and protein interaction reporters.6-2!
For example, the direct analysis of tryptic products of unlabeled primary antibodies has been used to detect
single antigens within tissues and co-localize them with endogenous proteins.?? However, the detection of
multiple antigens using this approach has not been demonstrated, presumably because it relies on identification
of antibody-specific peptides that may be shared between primary antibodies of different specificities. Instead,
various strategies using photocleavable mass tags have been used to label biomolecules so that cleaved
fragments generated in situ during the MALDI ionization process can be used as a proxy for their targets, which
otherwise make poor MS analytes. Previous examples of MALDI mass tags have utilized varying tactics for
modifying the mass-to-charge ratios (m/z) of photocleaved fragments so that multiple labelled biomolecules can
be detected in the same experiment.* 1& 2! Here we propose the maleimide-fulvene DA reaction as a simple
method for modifying the structure of mass tags, provide an assessment of the reactivity of this linker and its

gas-phase fragmentation, and identify a novel strategy for synthesizing MS-cleavable conjugates.



Experimental Methods

Synthesis of fulvene linkers

Materials. All reagents were purchased from Sigma-Aldrich (Castle Hill, Australia) or Chem-Supply
(Gillman, Australia) unless stated otherwise. Light-sensitive reactions and intermediates (compounds 2-9) were
protected from prolonged exposure to light by covering in aluminum foil. Column chromatography was
performed on 0.04-0.063 mm (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) silica gel 60 deactivated by
washing with dilute triethylamine or on 0.2-0.5 mm silica gel (Scharlau Science Group, Barcelona, Spain), for acid-

sensitive compounds 5 and 6, and compound 7, respectively.

General methods. Nuclear magnetic resonance (NMR) spectra were obtained using an Agilent 500/54
Premium Shielded NMR spectrometer (Agilent Technologies, Santa Clara, US) operating at 500, 125 and 470 MHz
for H, 13C and °F, respectively. High-resolution mass spectrometry (HRMS) data were obtained using an Agilent
6230 TOF spectrometer equipped with an Infinity 1260 LC system (Agilent Technologies). The syntheses of
compounds 2 and 3 were adapted from methods described previously.?*?* Synthesis of 4-(cyclopenta-2,4-dien-
1-ylidene)pentanoic acid (4) was adapted from a previously reported method (see Supplemental Information [SI]

for full details).?®

4-(4-{1-[4-(Cyclopenta-2,4-dien-1-ylidene)pentanamido]ethyl}-2-methoxy-5-methylphenoxy)butanoic
acid (5). 4-(Cyclopenta-2,4-dien-1-ylidene)pentanoic acid (5; 167 mg, 1.0 mmol), NHS (114 mg, 0.99 mmol) and
N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (188 mg, 0.98 mmol) were added to
dichloromethane (5 mL) and stirred at room temperature for 30 min. 4-[4-(1-Aminomethyl)-2-methoxy-5-
nitrophenoxy]butanoic acid hydrochloride (3; 165 mg, 0.49 mmol) was added and the reaction stirred under a N»
atmosphere for 44 h at ambient temperature. The reaction was quenched with 1 M acetic acid (5 mL) and the
aqueous layer re-extracted with dichloromethane (2 x 5 mL). The combined organic extracts were washed with
saturated sodium chloride solution (5 mL), dried over anhydrous MgS04 and the solvent was removed under
reduced pressure. The crude residue was purified via silica flash chromatography (0-5 % methanol in
dichloromethane) to obtain a yellow powder (63 mg, 29 %). 'H NMR (599 MHz, CDs0D): &1 7.54 (s, 1H), 7.00 (s,
1H), 6.44 (dt, J = 5.3, 1.9 Hz, 1H), 6.41 (dt, J = 5.4, 1.8 Hz, 1H), 6.37 (dt, J = 5.4, 1.8 Hz, 1H), 6.32 (dt, /= 5.4, 1.8
Hz, 1H), 5.52 (q,J = 6.9 Hz, 1H), 4.08 (t, / = 6.2 Hz, 2H), 3.90 (s, 3H), 2.77 (q, J = 7.2 Hz, 2H), 2.49-2.37 (m, 4H), 2.17
(s, 3H), 2.14 — 2.07 (m, 1H), 1.46 (d, J = 6.9 Hz, 3H); *C NMR (151 MHz, CD30D): &¢ 173.9, 155.3, 151.1, 148.3,
144.9,142.0,136.1,132.1, 131.8, 121.6, 121.4, 110.3, 110.2, 69.8, 56.8, 46.4, 36.5, 33.5, 32.8, 26.29, 21.9, 20.7;

HRMS calcd. for (Ca3H29N,07+H)*: 446.2045, found 446.2036 (error = 7.92 ppm).

2,3,4,5,6-Pentafluorophenyl 4-(4-{1-[4-(cyclopenta-2,4-dien-1-ylidene)pentanamido]ethyl}-2-methoxy-
5-nitrophenoxy)butanoate  (6). 4-(4-{1-[4-(Cyclopenta-2,4-dien-1-ylidene)pentanamido]ethyl}-2-methoxy-5-
methylphenoxy)butanoic acid (5; 37 mg, 0.083 mmol) was dissolved in anhydrous N,N-dimethylformamide (5
mL). Bis(pentafluorophenyl) carbonate (65 mg, 0.16 mmol) was added, followed by triethylamine (35 uL, 0.25

mmol) and the reaction was stirred at room temperature for 4 h. The mixture was then diluted with



dichloromethane (20 mL) and washed with saturated sodium chloride solution (3 x 5 mL), concentrated under
reduced pressure and the remaining solvent removed under a gentle stream of N2 gas. The crude residue was
purified via silica flash chromatography (40:60 ethyl acetate/hexanes). The product was redissolved in
dichloromethane (1 mL) and washed with saturated sodium chloride solution (3 x 1 mL), dried over anhydrous
MgS0s and the solvent removed under reduced pressure to obtain a viscous yellow oil (11 mg, 22 %). *H NMR
(500 MHz, CDCl3): 81 7.55 (s, 1H), 6.86 (s, 1H), 6.47-6.42 (m, 4H), 6.36 (d, J = 7.7 Hz, 1H), 5.45 (t, J = 7.3 Hz, 1H),
4.16 (t, J = 6.0 Hz, 2H), 3.93 (s, 3H), 2.93 (t, J = 7.3 Hz, 2H), 2.86-2.79 (m, 2H), 2.49-2.37 (m, 2H), 2.36-2.28 (m,
2H), 2.17 (s, 3H), 1.50 (d, J = 7.1 Hz, 3H) ppm; 3C NMR (126 MHz, CDCls): 6c 171.08, 169.03, 154.02, 150.69,
147.03, 143.58,140.8,142.3-137.0 (m), 133.7, 131.6, 120.8, 120.2, 111.7, 110.7, 67.9, 56.5, 48.2, 36.0, 32.4, 30.0,
29.9, 24.4, 20.8, 20.7; *°F NMR (470 MHz, CDCl3): &¢ -162.3 (m, 2F), -157.9 (m, 1F), -152.8 (m, 2F); HRMS calcd.
for (C2oH27N207Fs+H)*: 611.1808, found 611.1815 (error = 0.64 ppm).

2,5-Dioxopyrrolidin-1-yl 4-(cyclopenta-2,4-dien-1-ylidene)pentanoate (7). 4-(Cyclopenta-2,4-dien-1-
ylidene)pentanoic acid (4; 200 mg, 1.2 mmol), N,N’-disuccinimidyl carbonate (624 mg, 2.5 mmol) and N,N-
diisopropylethylamine (DIEA; 844 uL, 4.9 mmol) were dissolved in dichloromethane (10 mL) and the reaction was
stirred at room temperature for 4 h. The solvent was removed under reduced pressure and the crude mixture
was purified via silica flash chromatography (100 % ethyl acetate) to obtain a waxy yellow solid (306 mg, 98 %).
H NMR (500 MHz, CDCls): & 6.49 (s, 4H), 2.99-2.92 (m, 2H), 2.88-2.81 (m, 6H), 2.22 (s, 3H); 1*C NMR (126 MHz,
CDCl3) 6 169.4, 168.1, 148.4, 144.3, 132.3, 132.2, 31.5, 30.7, 26.0, 20.9; HRMS calcd. for (Ci4H1sNOs+H)*:
262.1071, found 262.1075 (error = 0.57 ppm).

Synthesis of Maleimide-beta-Ala-Peptides (Mal-peptides)

Materials. Ethyl cyanohydroxyiminoacetate (oxyma), O-Benzotriazole-N,N,N' N'-tetramethyluronium
hexafluorophosphate (HBTU), 1-hydroxybenzotriazole (HOBt), DIEA, N,N-dimethylformamide (DMF), piperidine,
trifluoroacetic acid (TFA) and 9-fluorenylmethoxycarbonyl (Fmoc) amino acids were obtained from Auspep Pty
Ltd (Australia). Triisopropylsilane (TIPS) and N,N’-diisopropylcarbodiimide (DIC) were obtained from Sigma-
Aldrich (Australia). Diethyl ether and dichloromethane were obtained from BDH (UK). 2,4,6-Trinitrobenzene
sulfonic acid (TNBSA) was kindly provided in powder form by Dr Denis Scanlon, University of Adelaide. Unless

otherwise stated chemicals were of peptide synthesis grade or its equivalent.

Procedures. The peptide, GSGSGRGSGSG, was chemically synthesized on a CEM Liberty-Blue microwave-
assisted synthesizer (Ai Scientific, Australia). The peptide was synthesized as a C-terminal carboxyamide
assembled from Rink amide-resin (Merck Millipore, Australia), in the Fmoc/tBu mode of synthesis. For a 0.1 mmol
reaction scale, Fmoc-deprotection was performed in two stages by initial treatment with 20 % piperidine/DMF
(v/v) under microwave radiation for 30 s (40 W, 40 °C), followed by filtration and a second addition of the above
solution (45 W, 90 °C; 3 min). The peptide-resins were then rinsed with dimethylformamide (4 x 7 mL). Acylation
was achieved by the addition of a solution containing Fmoc-amino acid (4 eq, relative to reaction scale), oxyma

(4 eq) and DIC (8 eq) in DMF (v/v; 4 mL) to the Na-deprotected peptide-resin and the mixture agitated under



microwave radiation for 10 min (30 W, 90 °C). Dichloromethane (5 x 2 min) was used to rinse the peptide-resins

as a final washing step.

After the removal of the final Fmoc group beta-alanine-maleimide was coupled to the Na-terminal
amino group of each peptide by the manual addition of a solution containing beta-alanine-maleimide (2 eq,
relative to reaction scale), HBTU (2 eq) and DIEA (4 eq) in DMF (2 mL, pre-activated 5 mins) to the Na-deprotected
peptide-resin and the mixture gently agitated for 1 h. Coupling was monitored by the TNBSA test and following

a negative TNBSA test,?® the resin was washed with DMF (1 x 10 mL) and dichloromethane (5 x 10 mL).

The Mal-peptides were cleaved from the resin support by the addition of TFA/TIPS/water (95:3:2, %
v/v/v/v; 5 mL) for 2.5 h, after which the cleavage filtrates were evaporated under nitrogen flow and the crude
product was isolated by precipitation in cold ether and washed in cold ether (4,500 g, 4 x 30 mL). The dried crude
Mal-peptides were then dissolved in 0.1 % (v/v) TFA in milliQ water and purified using a semi-preparative ZORBAX
300 SB-C18 column (9.4 mm x 25 cm) installed in a High Performance Liquid Chromatography (HPLC) 1200 system
(Agilent Technologies, Australia) under a flow rate of 2 mL/min using buffer A (0.1 % v/v TFA in milliQ water) and
buffer B (0.1 % TFA in 90 % acetonitrile, 10 % milliQ water, v/v) as the limiting solvent. Peptide detection was
performed by absorbance at 214 nm. The desired fraction and analysis of the purified peptide and Mal-peptides
were identified by Thermo OrbiTrap Exactive liquid chromatography—mass spectrometry (LC-MS; ThermoFisher

Scientific, Scoresby, Australia). ESI-MS calcd. for (M+H)*: 1015.4 Da, found 1015.3 Da.

Conjugation of photocleavable linker to peptide

A 2.5 mM stock solution of maleimide-labelled peptide in DMSO (20 uL) was diluted in phosphate-
buffered saline (PBS; 169.8 uL), followed by the addition of a 182 mM stock solution of photocleavable linker 6
in dry dimethyl sulfoxide (DMSO; 0.2 uL) and the mixture was incubated at 37 °Cfor 2 h in a Thermomixer comfort
shaking incubator (Eppendorf, Germany) set to 300 rpm. 2 uL aliquots were taken at 30, 60, and 120 min and 24

h timepoints to monitor the reaction progress and immediately used for MALDI-MS analysis.

Labelling of lysozyme with peptide mass tag via non-photocleavable linker

A 27 mM stock solution of non-photocleavable linker 7 in dry DMSO (5.26 L) was added to a 1 mg/mL
solution of lysozyme in PBS (100 pL), followed immediately by the 2.5 mM maleimide-peptide stock solution in
water (20 pL), and the mixture was incubated at 37 °C for 2 h in a Thermomixer comfort shaking incubator set to
300 rpm. For MALDI-MS, the modified protein (7-labelled lysozyme-peptide conjugate) was separated from
unreacted/hydrolyzed linker using a 10 kDa MWCO Amicon® Ultra-0.5 Centrifugal Filter Device (Merck Millipore,
USA) to a final volume of 100 pL in PBS and diluted 10-fold in PBS prior to MS analysis. Alternatively, the amide
coupling reaction was quenched with 200 MM ammonium acetate (375 pL) and stored at 4 °C until concentration
using a 10 kDa MWCO Amicon® Ultra-0.5 Centrifugal Filter Device into 200 mM ammonium acetate (100 pL) and

analysis via nanoelectrospray ionization (nanoESI)-MS analysis.

MS analysis of linker-peptide conjugates and labelled proteins
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MALDI-MS. Linker 6-peptide conjugates and 7-labelled lysozyme-peptide conjugate were prepared for
analysis via MALDI-MS by mixing with equal volumes of 10 mg/mL a-cyano-4-hydroxycinnamic acid (CHCA;
Bruker Daltonics, USA) matrix in 70 % (v/v) acetonitrile with 1 % (v/v) trifluoroacetic acid. The pre-mixed solutions
(0.5-1 pL) were spotted onto an MTP AnchorChip™ 384 MALDI target (Bruker Daltonics). Profiling and LIFT spectra
were acquired using an UltraFlextreme MALDI-TOF/TOF mass spectrometer (Bruker) in positive reflectron mode.
Collision-induced dissociation (CID) spectra and trapped ion mobility spectra (TIMS) were acquired on a timsTOF
fleX MALDI-quadrupole (Q)-TOF mass spectrometer (Bruker). MALDI spectra were converted to either .mzXML
using FlexAnalysis v3.4 (Bruker Daltonics), or .xy file format using DataAnalysis v5.3 (Bruker Daltonics),
respectively, then processed (including smoothing, cropping and baseline subtraction) using mMass v5.5.0

(http://www.mmass.org/).?’

NanoESI-MS. Spectra were acquired using a 6560 lon Mobility LC/Q-TOF mass spectrometer fitted with
a nanospray source, calibrated using the Agilent LC/MS tuning mix (both Agilent, Santa Clara, USA). The purified
solution of 7-labelled lysozyme-peptide conjugate in 200 mM ammonium acetate was diluted 1:1 with
acetonitrile to denature the protein and nanosprayed using platinum-coated borosilicate glass capillaries
prepared in-house using a P-97 Flaming/Brown micropipette puller (Sutter Instrument Company, Novato, US). A
low-pressure N2 gas supply was fitted to the capillary housing to maintain sample flow through the nanospray
source. Spectra were acquired, analyzed and deconvoluted using the MassHunter Workstation software vB.07.00

with the BioConfirm Software add-on (Agilent).
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Results and Discussion

Design and synthesis of photocleavable linker

A number of different photocleavable groups have been used as the basis for designing photocleavable

mass tags, including 6,11-dihydrothiochromeno[4,3-blindole, o-nitrobenzyl, triphenylmethyl (trityl), Ru(ll)
polypyridine complex, phenacyl and coumarin-based linkers.?832 Our linkers were based on the o-nitrobenzyl
group, owing to their straightforward synthesis, appropriate absorption maxima (= 350 nm) and easily modified
structure (for general photocleavage mechanism see SI, Scheme $1).3® Starting from 4'-hydroxy-3'-
methoxyacetophenone 1, nitrobenzyl linker 6 was synthesized in seven steps (Scheme 2). 4-(2,4-Cyclopentadien-
1-ylidene)pentanoic acid 4 was synthesized as described previously.?> The final linker 6 contains a
pentafluorophenyl ester for amide coupling to primary amines, such as lysine residue side chains and protein N-
termini, a photocleavable nitrobenzyl amide, and a pentafulvene for [4+2] cycloaddition with maleimide

derivatives.® 11

K,CO5, DMF, R.T., N5, overnight
2.70% HNO,, 0°C-R.T., 2 h
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Scheme 2.

MALDI-MS analysis of photocleavable linker-peptide conjugates

Synthetic peptides make effective MALDI mass tags, owing to their modular and simple synthesis, and
tunable and precise molecular weight, charge and solubility.** 3% 3* We demonstrated the successful conjugation
of pentafulvene linker 6 to a maleimide-labeled peptide (Maleimide-beta-Ala-GSGSGRGSGSG-NHz) under mild
aqueous conditions (Scheme 3; 37 °Cin PBS), with the molecularion and neutral loss (M-H20+H)* for the expected
product detected using MALDI-MS, depending on the instrument used for analysis (Figure 1). However, even
after overnight incubation, the predominant signal (m/z = 1015.4) corresponded to the peptide without the

additional mass of the linker.
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Initial analysis of the reaction mixture using a Bruker UltrafleXtreme MALDI-time of flight (TOF)
instrument, which features a Smartbeam-1I™ 1kHz 355 nm Nd:YAG laser, did not produce detectable amounts of
the expected photodissociation product; instead, the neutral loss fragment ion for the intact cycloaddition adduct
with hydrolyzed PFP ester (m/z 1441.6) was observed (Figure 1A). Conversely, analysis of the same samples using
the timsTOF fleX MALDI-Q-TOF produced the desired photodissociation product (m/z 1178.5) even at lower laser
powers (Figure 1B). We rationalized these observations as a result of differences in the design and performance
of the MALDI sources for each instrument. The timsTOF fleX incorporates a 355 nm Smartbeam 3-D™ laser, which
has a higher repetition rate (210 kHz versus 1 kHz for the Smartbeam-1I™), a factor which has been shown to
significantly influence the optimum laser energy per pulse and therefore UV-induced fragmentation.
Furthermore, this instrument utilizes an approach called ‘beam steering,” which essentially focuses the laser
beam to a narrower rectangular acquisition area, thus improving sensitivity.3>3° The timsTOF flex also operates
under intermediate pressure, as opposed to the high vacuum of the UltrafleXtreme, which therefore results in
collisional cooling and a potential reduction in in-source fragmentation.?® These differences in source
configuration could explain why the same photodissociation pattern was not observed for spectra obtained using
the UltrafleXtreme, in addition to possible deterioration in the performance and sensitivity of this older

instrument over time.
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Figure 1. Matrix-assisted laser desorption/ionization mass spectrometric analysis of fulvene linker and maleimide-labeled peptide

cycloaddition product using UltrafleXtreme (A) and timsTOF fleX (B) mass spectrometers.

Both spectra were dominated by apparently unreacted peptide (with and without hydrolysis of the
maleimide to the open maleamic acid form: m/z = 1033 and 1015, respectively), for which we hypothesized two
potential reasons: (1) some precipitation of the linker was observed on addition to the PBS reaction buffer,
suggesting that the majority may remained unreacted, and/or (2) that the cycloaddition product was fragmenting
back into the maleimide precursor. Although addressing poor aqueous solubility required re-evaluation of the
linker design, the possibility that an alternative fragmentation mechanism was occurring required further

investigation.

MALDI-MS analysis of photocleavable linker-peptide conjugate gas-phase fragmentation

To further investigate the fragmentation pathways of these conjugates, we identified the products of
CID for the respective ions identified using the UltrafleXtreme, operated in ‘LIFT" mode, and timsTOF flex
operated in MS/MS mode (Figures 2A and B, respectively). For both ions (m/z 1441.6 and 1178.5) the major
fragments corresponded to the expected m/z of the protonated unmodified maleimide-labelled peptide. The
higher mass resolution and narrower precursor ion selection of the timsTOF flex allowed less ambiguous
assignment of the peptide, with only 1.2 ppm deviation between the observed m/z 1015.42 ion and the predicted
peptide m/z (1015.4188).
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Figure 2. Matrix-assisted laser desorption/ionization mass spectrometric analysis of cycloaddition product gas-phase fragmentation using
UltrafleXtreme (A) and timsTOF fleX (B) mass spectrometers operated in LIFT (Lift 1 = 18.98 kV, Lift 2 = 3.70 kV) and collision-induced

dissociation (CID, collision voltage = 35eV) modes, respectively.

Additional confirmation of this hypothesis was obtained by using TIMS to demonstrate that both
precursor (m/z 1178.5164) and CID product ions (m/z 1015.4165) had identical inverse reduced mobility (1/Ko)
values (Figure 3). The configuration of the timsTOF flex, with ions directed through the TIMS tunnel prior to the
guadrupole and collision cell, means that TIMS separation occurs prior to CID; therefore, ions originating from
different precursors are expected to have different 1/Ko values. The value of 1/Ko for this precursor ion also

differed from that of the unmodified peptide in precursor ion spectra (Figure S1).
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Figure 3. Trapped ion mobility-matrix-assisted laser desorption/ionization mass spectra and mobiligram of the photocleaved cycloaddition
product showing identical 1/Ko distributions for selected precursor ion (A) and resulting CID fragment ion (B), which corresponds to the

unmodified maleimide-labelled peptide.

Together, these results strongly support our proposal that the covalent bonds formed by the
cycloaddition reaction between maleimide and fulvene derivatives are somewhat labile in the gas phase, despite
its reported stability in aqueous solutions.”® Based on similar fragmentation behavior observed for furan-

maleimide adducts, this transition likely occurs via a retro-DA (rDA) mechanism (Scheme 4).**
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Scheme 4.

Given this apparent labile nature of fulvene-maleimide adducts in the gas phase, we sought to
determine if a similar fragmentation pattern would occur for conjugates without the presence of a photolabile

group that might enable development of a new class of mass tag reagents for biomolecule detection.
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MALDI-MS analysis of protein-peptide conjugates

The removal of the photocleavable o-nitrobenzyl group enabled the one-step synthesis of fulvene linker

7, which featured an N-hydroxysuccinimide (NHS) ester for amide coupling to lysine residues and protein N

termini (Scheme 5).42
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Scheme 5.

The application of this linker for labelling large biomolecules was demonstrated using the 14.3 kDa
protein lysozyme. This model protein, which contains six lysine residues in the mature protein, was incubated
with a mixture of 7 and maleimide-labelled peptide, resulting in simultaneous reaction of the NHS ester with the
protein, and cycloaddition of the fulvene group to the peptide.*® The unreacted (hydrolyzed) linker and peptide
could be subsequently removed by centrifugal diafiltration; hence, detection of the unmodified peptide in MALDI

spectra of the purified conjugate (Figure 4) likely resulted from fragmentation of the desired cycloaddition

product.
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Figure 4. Matrix-assisted laser desorption/ionization mass spectrometric analysis of lysozyme labelled with non-photocleavable fulvene linker

and maleimide-labeled peptide cycloaddition product.

ESI-MS analysis of protein-peptide conjugates

Given the promising results of the MALDI analysis of mass tag-labelled lysozyme, and the enhanced rDA
fragmentation of fulvene 6-maleimide adducts under mild CID conditions (Figure 2B), it seemed reasonable to
assume that 7 could also be utilized for enhanced detection of proteins via ESI-MS. Analysis of the intact lysozyme

conjugate using nanoESI-MS and subsequent spectral deconvolution to identify different species amongst
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overlapping charge states revealed modifications consistent with the add{Sajic, 2015 #13}ition of <3 linker-
peptide adducts to the protein (predicted mass shift per peptide label m/z1161.49, deconvoluted Am/z 1161.12+
0.27; Figure 5A). The base peak at m/z 1934.1629, which corresponded to a single mass tag addition to the 8+
charge state, was then subjected to CID at 30 V, producing fragment ions consistent with the rDA peptide
product, and the 7+ charge state for lysozyme with the residual fragment of the linker (m/z 2065.2054, or 1.4456

kDa; Figure 6B). These results suggest a broader utility for this linker as a dual MALDI/ESI mass tag reagent.
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Figure 5. Nano-electrospray ionization-mass spectra of intact lysozyme labelled with non-photocleavable fulvene linker 7. Intact precursor
spectra (A) and subsequent deconvolution (inset) shows modification to the protein with up to 3 peptide mass tags. Collision-induced
dissociation of the 8+ protein charge state with a single mass tag (B) produced fragments assigned to the maleimide-labelled peptide, and
lysozyme with the residual linker fragment after stripping of the singly charged peptide. Blue circles indicate number of peptide mass tags

determined from mass shifts in deconvoluted spectra. Blue diamond indicates precursor selected for CID fragmentation.

At present, we could only find one other example where MS-induced rDA fragmentation has been

exploited for the generation of mass tags in which furan-maleimide adducts were utilized for monitoring enzyme-

18



catalyzed reactions of immobilized substrates on silicon chips using a MALDI-TOF instrument.* Despite their
efficient fragmentation, the subdued reaction kinetics of furan-maleimide cycloadditions and reduced stability
under physiological conditions limit their utility outside of organic synthesis. In contrast, we have shown that the
fulvene-maleimide DA reaction can be used to rapidly generate protein bioconjugates in aqueous buffer at low
temperatures and has facile fragmentation properties that enable mass tag detection in both MALDI and ESI

experiments.® 4!

Conclusions

This study demonstrated the application of two novel MS-cleavable fulvene-based linkers for labelling
proteins with maleimide-containing mass tags. The initial design was based on previous examples of
photocleavable linkers intended for the detection of peptide mass tags using MALDI-MS; however, the addition
of a fulvene group provided a convenient handle for the attachment of maleimide-containing groups and thereby
modifying the mass of the detected photocleavage product.'® Furthermore, MS analysis of photocleavable linker-
peptide adducts identified efficient rDA fragmentation, thus the bulky o-nitrobenzyl moiety was deemed
redundant for this application. The photocleavable linker could instead be employed as a bifunctional reagent in
other applications for which combined photocleavable and bio-orthogonal reactivities are desirable, such as the

synthesis of photoreactive caged protein conjugates.*-4

These versatile reagents could be potentially useful for derivatizing large intact proteins containing
reactive amines, such as antibodies, and thereby enabling their differentiation via MS, despite overlapping charge
states or poor mass resolution.*® The simple synthetic route for this linker could also make this strategy applicable
to a broader variety of biomolecules or synthetic targets, as the NHS ester could easily be substituted for other
reactive groups. Continued optimization and hence better control over conjugation efficiency would enable
straightforward quantitation of biomolecules using isotope-labelled peptides, thereby negating the need for
expression or synthesis of isotope-labeled standards. Further investigation of bio-orthogonal DA chemistries
could reveal promising new avenues for developing multiplexed MS bioassays, in applications such as multiplexed
MALDI/ESI-MS immunoassays, MS imaging, mutation screening, enzyme activity assays and identifying protein

interactions.16-21 29,47
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Supporting Information

Synthesis of fulvene linkers

Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate. Acetovanillone (9.97 g, 60 mmol) and ethyl-4-
bromobutyrate (10.8 mL, 75 mmol) were dissolved in dry dimethylformamide (100 mL) while stirring and the
solution was purged with N2 for 10 min. Potassium carbonate (12.5 g, 90 mmol) was added, resulting in a light
yellow suspension, which was stirred overnight at room temperature. The reaction mixture was added slowly to
water (800 mL) and the precipitate collected via vacuum filtration. The precipitate was washed with water (3 x
20 mL) and dried under high vacuum to obtain a white powder (15.6 g, 93 %). *H NMR (500 MHz, CDCls): 61 7.56
(dd, J=8.3, 2.1 Hz, 1H, aromatic), 7.54 (d, J = 2.0 Hz, 1H, aromatic), 6.91 (d, J = 8.3 Hz, 1H, aromatic), 4.18-4.13
(m, 4H, OCH2CH2 and COOCH2CHs), 3.92 (s, 3H, OCHs), 2.57 (s, 3H, COCHs), 2.55 (t, J = 7.2 Hz, 2H, CH2COOCH2>),
2.23-2.17 (m, 2H, OCH2CH2CH>), 1.27 (t, J = 7.1 Hz, 2H, COOCH2CH3).

Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate. Ethyl 4-(4-acetyl-2-
methoxyphenoxy)butanoate (14.8 g, 53 mmol) was added in small portions to a stirred solution of 70 % nitric
acid (150 mL) at 0 °C over 30 min. The reaction was stirred for 2 h at 0 °C, then quenched by gradually diluting
the reaction mixture with water (800 mL) while stirring. The resulting yellow precipitate was collected via
vacuum filtration and washed with water (800 mL). The crude product was dried under high vacuum, then
recrystallised from hot ethanol to obtain a yellow crystalline solid (9.97 g, 56 %). *H NMR (500 MHz, CDCls): &+
7.62 (s, 1H, aromatic), 6.76 (s, 1H, aromatic), 4.21-4.14 (m, 4H, OCH>CH»; and CH.COQOCH-CHs3), 3.97 (s, 3H, OCH5),
2.56 (t,J = 7.2 Hz, 2H, CH2COOCH>), 2.51 (s, 3H, COCH3), 2.21 (m, J = 6.8 Hz, 2H, OCH.CH>CH>), 1.28 (t,J=7.1 Hz,
3H, COOCH.CHS3).

Ethyl 4-[4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoate. Ethyl 4-(4-acetyl-2-methoxy-5-
nitrophenoxy)butanoate (9.95 g, 31 mmol) was suspended in 100 % ethanol (150 mL) and cooled to 0 °C. Sodium

borohydride (591 mg, 15.6 mmol) was added in small portions over 10 min while stirring. The reaction was

23



allowed to warm to room temperature while stirring overnight, then quenched with water (100 mL) and the
ethanol evaporated under reduced pressure. The resulting precipitate was collected via vacuum filtration,
washed with water (150 mL), and dried under high vacuum to afford an off-white crystalline solid (8.87 g, 87 %).
IH NMR (500 MHz, CDs0OD): 61 7.57 (s, 1H, aromatic), 7.29 (s, 1H, aromatic), 5.60-5.53 (m, 1H, CH(OH)CHs), 4.20-
4.08 (m, 4H, OCH>CH2 and CH2COOCH-CHBs), 3.98 (s, 3H, OCH3), 2.54 (t, J = 7.2 Hz, 2H, CH.COOCH>), 2.26 (d, J =
3.7 Hz, 1H, OH), 2.18 (m, J = 6.8 Hz, 2H, CH2CH2COOCH>), 1.56 (s, 3H, CH(OH)CHs), 1.27 (t, J = 7.1 Hz, 3H,
COOCH:CHs).

4-[4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic  acid.  Ethyl  4-[4-(1-hydroxyethyl)-2-
methoxy-5-nitrophenoxylbutanoate (8.87 g, 27 mmol) was dissolved in tetrahydrofuran (50 mL). 1 M lithium
hydroxide (100 mL) was added and the reaction stirred at room temperature for 2 h. The tetrahydrofuran was
removed under reduced pressure and the remaining aqueous solution adjusted to pH 3 via addition of 1 M
hydrochloric acid. The resulting precipitate was collected via vacuum filtration and recrystallised from hot
ethanol to obtain the product as a yellow powder (6.59 g, 82 %). *H NMR (500 MHz, CDs0D): &+ 7.59 (s, 1H,
aromatic), 7.40 (s, 1H, aromatic), 5.46 (q, / = 6.3 Hz, 1H, CH(OH)CHs), 4.10 (t, J = 6.2 Hz, 2H, OCH>CH>CH,COOH),
3.97 (s, 3H, OCHs), 2.52 (t, J = 7.3 Hz, 2H, CH,COOH), 2.10 (m, 2H, CH.CH>COOH), 1.48 (d, J = 6.3 Hz, 3H,

CH(OH)CHs). H NMR spectra was consistent with previous reports.!

4-[4-(1-aminoethyl)-2-methoxy-5-nitrophenoxy]butanoic acid hydrochloride (3). 4-[4-(1-Hydroxyethyl)-
2-methoxy-5-nitrophenoxy]butanoic acid (1.71 g, 5.7 mmol) was suspended in dry dichloromethane (30 mL) and
cooled to 0 °C. Phosphorous tribromide (1.6 mL, 17 mmol) was added and the reaction allowed to warm to
ambient temperature while stirring for 1 h. The reaction was quenched with water (30 mL) and the organic layer
washed with water (2 x 30 mL) and dried over anhydrous MgS0a. The solvent was removed under reduced
pressure and the residue redissolved in tetrahydrofuran (10 mL) and 30 % aqueous ammonia solution (50 mL)
added. The solution was stirred overnight at ambient temperature, then the ammonia removed (pH 7) by
bubbling N2 gas through the solution. The remaining solution was acidified (pH 1) with 1 M hydrochloric acid and
washed with ethyl acetate (3 x 20 mL). The aqueous extract was dried under a gentle stream of N2 gas, then the
crude residue resuspended in ethyl acetate (30 mL) and stirred vigorously for 10 min. The precipitate was
collected via vacuum filtration and washed with ethyl acetate (30 mL) and dried under reduced pressure to

obtain an off-white powder (1.03 g, 54 %). *H NMR (500 MHz, (CD3),SO): 61 7.70 (s, 1H, aromatic), 7.59 (s, 1H,
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aromatic), 7.47 (s, 4H), 5.75 (s, 3H, NHs), 4.87 (g, J = 6.7 Hz, 1H, CH(NH2)CHs), 4.09 (t, J = 6.5 Hz, 2H,
OCH:CH2CH>COOH), 3.96 (s, 3H, OCHs), 2.38 (t, J = 7.3 Hz, 2H, CH2,COOH), 1.95 (m, J = 6.9 Hz, 2H, CH2CH2COOH),

1.60 (d, J = 6.7 Hz, 3H, CH(NH2)CHs). Spectra were consistent with previously reported structure.?

o]
N OH

4-(2,4-Cyclopentadien-1-ylidene)pentanoic acid. To a solution of levulinic acid (4.0 g, 34 mmol) and
freshly distilled cyclopentadiene (7.1 mL, 92 mmol) in MeOH (35 mL) under argon, pyrrolidine (0.60 mL, 6.9
mmol) in triethylamine (7.0 mL, 50 mmol) was added dropwise over 10 min with stirring. The solution was stirred
under argon at ambient temperature in the dark for 24 h. The mixture was acidified using acetic acid (1.5 mL)
and the methanol was removed in vacuo. Diethyl ether (100 mL) and water (100 mL) were added to the residue
and the organic layer was removed and washed with water (5 x 50 mL) and saline (3 x 50 mL), dried over
anhydrous MgSOs and filtered. The filtrate was concentrated in vacuo and the resulting residue was
recrystallised from hexane to afford yellow crystals, 5.35 g (94.5 %). *H NMR (500 MHz, (CD3),S0): +11.91 (s, 3H,
CHs), 2.44 (t, J = 2.4 Hz, 2H, CH2CO), 2.75 (t, J = 2.4 Hz, 2H, CH2CC), 6.43-6.39 (m, 2H, 2CH), 6.53-6.08 (m, 2H,
2CH). 13C NMR (125 MHz, (CD3),S0): 8¢ 173.1 (1C, COOH), 152.0 (1C, CH(CC)CH), 142.5 (1C, CH3(CC)CH.), 130.4
(2C, CH(CC)CH), 120.6 (2C, CHCHCHCH), 33.1 (1C, CH2COO0H), 31.3 (1C, CH2CC), 20.2 (1C, CHa).
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CHAPTER FOUR

Application of bottom-up proteomics for identifying sites of oxidative

modification and chemical labelling in equine heart myoglobin

4.1 Introduction

4.1.1 Proteoforms: missing links between the genome and the proteome

Mass spectrometry (MS)’s progress towards soft ionisation methods and their integration with
separation techniques have been driving factors in its coup against conventional techniques for biomolecule
analysis.! One of the most powerful applications of this technology has been the development of workflows for
identifying, sequencing and quantifying proteins, collectively constituting the broad field of modern proteomics.
Close inspection of the human genome implies the existence of approximately 20 000 human proteins based on
direct interpretation of amino acid sequences. However, the actual estimated numbers of proteins that make
up the human proteome vary from 10 000 to 1 billion.? The large discrepancy between these numbers stems
from the vast number of different modifications a protein can undergo between its initial biosynthesis and
eventual analysis.? Importantly, many of these alternative species, or proteoforms, are thought to have
important roles in both the regulation of biological function and pathogenesis of a significant number of

diseases.>*

4.1.2 Oxidative modifications to proteins as disease markers

While sample preparation, data acquisition and data analysis technology has conceived sophisticated
MS workflows that address the current focus on in vivo post-translational modifications (PTMs), there is a
growing interest in applying and refining this methodology for the analysis of non-enzymatic chemical
modifications to proteins.* Chemical modifications to amino acids can occur in vivo and reflect changes in cellular
environments, or during sample preparation, either intentionally by specific reagents or unintentionally, as
‘artifacts’.> Oxidative modifications are an important class of chemical modifications, which result from the
(often non-reversible) reactions of reactive oxygen species (ROS), including superoxide anion radicals, hydrogen
peroxide and hydroxyl radicals, with proteins, lipids, sugars and nucleic acids. Chronic high levels of oxidative
stress are involved in many diseases, including diabetes mellitus, neurodegenerative diseases, inflammatory

diseases, atherosclerosis and cancer.®®

Of the many ROS products, carbonylated proteins represent one of the most diverse categories and are
commonly associated with metal-catalysed oxidation (MCO), a process in which reduced metal ions, such as
Fe?*, react with hydrogen peroxide (H202) to form hydroxyl radicals. The addition of carbonyl groups to amino
acids can then occur via various mechanisms, including direct oxidation of amino acid side chains or reaction

between amino acids with the carbonylated oxidation products of lipids, amino acids, reducing sugars and other

41



metabolites.® °>1! These carbonylated residues can further react with other amino acids to form protein-protein
crosslinks, for example in the pathologically significant generation of advanced glycation end-products (AGEs).°
With over 35 possible ways in which proteins can be oxidised, compounded by the number of modifiable

residues in a given protein, the complexity of these species creates a significant analytical challenge.® 2

4.1.3 Bioconjugation methods for targeting carbonylated proteins

Analytical strategies for detecting and quantifying carbonylated proteins frequently involve their
derivatisation using hydrazine-like reagents, which react with aldehydes and ketones to form hydrazones, a form
of stable Schiff base (Scheme 1). This reaction is reversible, but the products can be stabilised by reduction with

borohydride reagents, such as sodium borohydride (NaBH4) or sodium cyanoborohydride (NaCNBH3).131°

Ry N
: \[( “NH; H H
o] o RJ\I_I/N-.N NaBH, Ra\rrN\NH
M = N —
Ry "R, 0 or NaCNBH; o}
Ry Rz Ry Rz

Scheme 4.1.1. Conjugation of hydrazide reagents to carbonyls, followed by reduction using sodium borohydride or sodium

cyanoborohydride.*#%

One of the oldest derivatising agents is dinitrophenylhydrazine (DNPH), which is commonly used to
visualise carbonylated proteins following their separation using sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE).% ¢ Carbonylated proteins can be visualised and the degree of labelling and
therefore carbonylation can be determined spectrophotometrically by measuring absorption at 360 nm. DNPH-
specific antibodies can also be used for immunoblot detection, immunoprecipitation, immunofluorescent
imaging and enzyme-linked immunosorbent assays of derivatised proteins.®!” Despite its widespread use,
DNPH can react non-specifically with sulfenic acids and is unreliable for measuring heme-containing proteins,
which are known to absorb at similar wavelengths.'?13 16 18 Ag sych, there has been substantial investment in
developing alternative detection reagents, usually in the form of biotin or fluorescent hydrazides.'® 1°
Conjugation to biotin enables selective enrichment of carbonylated proteins and peptides, and is therefore
extremely useful for both gel electrophoretic and MS analyses, whereas fluorescent labels are valuable for
applications including live cell imaging and viability assays.® !®1° We have recently investigated the conjugation
of a novel hydrazine-containing a-cyanostilbene fluorophore, DPANzine (Figure 4.1.1). Previous unpublished
work led by collaborators at La Trobe University (Yuning Hong, Siyang Ding) has confirmed that this fluorophore
effectively labels MCO-treated proteins, including bovine serum albumin, cytochrome ¢ and myoglobin,

although the site-specificity and labelling efficiency is yet to be determined.
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Figure 4.1.1. The novel hydrazine-containing a-cyanostilbene fluorophore, DPANzine, is designed to react with carbonylated biomolecules.

4.1.4 Proteomics methods for analysing carbonylated proteins

Obtaining more specific information regarding the structure and location of modified residues requires
high-resolution MS analysis, most commonly in the form of bottom-up proteomics, a term describing analytical
workflows in which proteins are chemically or enzymatically processed into shorter peptides prior to analysis
(Figure 1).% 1220 MS analysis of these peptides can then be performed using various combinations of ionisation
methods and mass analysers.?? There are comparably fewer examples describing top-down proteomics of
carbonylated proteins, which instead involves MS analysis of intact proteins followed by gas-phase
fragmentation of peptide bonds, possibly as a result of the difficulty in obtaining sufficient ionisation,

fragmentation and sensitivity from complex and heterogeneous protein mixtures.* 1% 21-22

Bottom-up proteomics of carbonylated proteins are often preceded by a purification or enrichment
step, for example by streptavidin affinity chromatography after conjugation to biotin hydrazide or two-
dimensional gel electrophoresis.?® Derivatised or unmodified peptides can then be analysed via tandem MS
(MS/MS) to identify which amino acid residues are modified based on the differences between observed and
theoretical m/z values (mass shifts).*> 2 Chemical labelling with carbonyl-reactive fluorophores can also be
assessed using this bottom-up proteomics, which could therefore be a useful means of studying the interactions
between novel reagents, such as DPANzine, and oxidised proteins to better understand the results of cell-based

assays and imaging experiments.!2 24

4.2 Aims

4.2.1 Establish a bottom-up proteomics approach for assessing amino acid carbonylation and chemical

labelling in an in vitro model for oxidative stress

4.2.2 Determine the amino acid specificity of labelling by the novel hydrazine-containing fluorophore,

DPANZzine, for equine heart myoglobin
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4.3 Results and Discussion

4.3.1 In vitro model for protein carbonylation

To investigate the site specificity of carbonylation and DPANzine labelling on proteins, we chose a
model system using FeCls/ascorbic acid and the model heme protein, myoglobin. This system is designed to
mimic the in vivo reaction that occurs under physiological conditions between endogenous iron and ascorbate
monoanion, in which Fe3* is reduced to Fe?*, which catalyses the decomposition of H20: to highly reactive

hydroxide radicals (the ‘Fenton reaction’, Scheme 4.3.1).2°

H,0; OH'+OH

Fed* Fe?*

Scheme 4.3.1. Metal-catalysed oxidation under physiological conditions occurs through reduction of Fe3* to Fe?* by ascorbic acid. Fe?*
catalyses the decomposition of hydrogen peroxide to hydroxyl radicals.?

Myoglobin is a popular choice for studying protein oxidation and carbonylation, owing to its well-
characterised structure and important roles in oxygen transport and nitric oxide scavenging in skeletal and heart
muscle tissue. These functions are enabled by an iron-bound heme prosthetic group, which can also catalyse
the Fenton reaction and lead to the generation of intracellular ROS.%%%% Interaction of these ROS with other
biomolecules, such as lipids, can lead to aberrant signalling pathways and subsequently various complications,
including vasoconstriction, ischemia and acidosis.?’” These processes can also lead to oxidative modifications to
myoglobin itself, although a large portion of the existing literature related to human pathology is focused on
the functional and structural effects related to glycation by sugars, rather than amino acid carbonylation.?%-30
Furthermore, increased levels of circulating and excreted myoglobin are used as clinical biomarkers for early
acute myocardial infarction or acute renal failure, as these changes can be indicative of injury to muscle tissue,
in addition to contributing to the pathological progression of these diseases.3!33 Investigating the direct amino
acid carbonylation products of oxidised myoglobin and establishing effective labelling strategies will potentially

provide valuable insights into the role of oxidative stress in cardiac and skeletal myopathies and inform the

design of novel detection strategies.

4.3.2 Proteomic assessment of MCO-induced myoglobin carbonylation

To confirm the efficacy of our MCO model, it was necessary to first evaluate the extent of carbonylation

of myoglobin that had been exposed to the sodium ascorbate/FeCls oxidation conditions. Efficient protease
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activity is particularly important for heavily modified proteins, for which modified residues at the cleavage site
(e.g. lysine and arginine residues for trypsin) can inhibit protease activity, thereby resulting in increased missed
cleavages and reduced sequence coverage.3* Alternative proteases, such as chymotrypsin, Asp-N and Glu-C, are
suitable alternatives to trypsin; however, we opted for a well-established commercial trypsin/Lys-C protocol,
which cleaves peptide bonds at the same sites as trypsin alone, albeit with fewer missed cleavages due to the
higher tolerance of Lys-C to strong denaturing conditions.3>3” Retaining C-terminal cleavage at basic arginine
and lysine residues is also advantageous in that it generally yields more efficient peptide ionisation and

predictable fragmentation.38

Independent proteomic analyses of the oxidised myoglobin digest confirmed that this protease
combination was effective and provided 79 % coverage of equine heart myoglobin and identified 17 unique

peptides, for which 12 sites were identified as potential carbonylated amino acids (Figure 4.3.1).

10 20 30 40 50
MJGLSDGEWQQ VLNVWGKVEA DIAGHGQEVL IRLFTGHPET LEKFDK|FK
60 70 80 90 100
|KTEAEMKASE DLKKHGTVVL TALGGILKKK GHHEAELKPL AQSHATKHKI|
110 120 130 140 150

PIKYLEFISD AITHVLHSKH PGDFGADAQG AMTK|ALELFR NDIAAKYKEL|

Figure 4.3.1. Sequence coverage (framed portions) and carbonylation sites (shaded) for oxidised equine myoglobin
(https://www.uniprot.org/uniprot/P68082).

Of the many amino acids that are sensitive to MCO, only lysine, arginine, proline and threonine are
known to produce reactive carbonyls.!! These modifications were the basis used for a Sequest HT search of the
oxidised myoglobin MS/MS data for carbonylated amino acids, which could potentially be modified by DPANzine
(Table 4.3.1). The present analysis of oxidised myoglobin found potential carbonylation products to lysine,
proline and threonine residues (Table 4.3.2), although it is important to note that differentiation between
proline oxidation to the hydrazine-reactive carbonyl glutamic semialdehyde and unreactive hydroxyproline is
not possible based on mass shifts alone (both +15.995 Da).'? Interestingly, carbonylation of these residues was
also observed for the untreated control protein, suggesting that similar modifications also occur in vivo, during

isolation and/or purification or as artifacts of the digestion and analysis workflows.

Mapping of carbonylation sites only observed in the oxidised samples to the X-ray crystallographic
structure for myoglobin shows these modifications clustered around the heme prosthetic group, which suggests
that it may be involved in the generation of ROS required for the oxidation of these residues (Figure 4.3.2).
Similar concentration of carbonylated lysine residues around heme groups has previously been observed during

top-down proteomic analysis of the electron transport protein, cytochrome c after treatment with the mild
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oxidising agent, chloramine-T.2> 3° In contrast, carbonylation products formed in the absence of ascorbic acid
and FeCls did not appear to be localised to these domains, suggesting a different mechanism may be responsible

for these modifications.

Table 4.3.1. Metal-catalysed oxidative modifications resulting in amino acid carbonylation used for Sequest HT database search of
digested myoglobin.t*

Amino acid residue Modification Exact A mass (Da) Average A mass (Da)
M Oxidation +15.9949 +15.9994
N,Q Deamidated +0.9840 +0.9848
P Glutamic semialdehyde +15.9949 +15.9994
R Glutamic semialdehyde -43.0534 -43.0711
K | Aminoadipic semialdehyde (allysine) -1.0316 -1.0311
T | 2-amino-3-ketobutyric acid -2.0156 -2.0157

Table 4.3.2. Amino acid carbonylation products identified for myoglobin.

Treatment Modification Name Amino Position Sequence Modified  Unmodified  Position
Acid in Peptide PSMs PSMs
Thr->AminoKetobutyricAcid T 14 HPGDFGADAQGAMTK 14 53 133
Pro->GlutamicSemialdehyde* P 2 HPGDFGADAQGAMTK 1 66 121
No Lys->Allysine K 15 HPGDFGADAQGAMTK 2 65 134
oxidation
Thr->AminoKetobutyricAcid T 7 HGTVVLTALGGILK 5 99 71
3 HGTVVLTALGGILKK 4 43 67
17 KGHHEAELKPLAQSHATK 1 66 96
mMco 8 LFTGHPETLEK 1 13 40
Pro->GlutamicSemialdehyde* P 4 HKIPIK 1 9 101
10 KGHHEAELKPLAQSHATK 2 65 89
6 LFTGHPETLEK 7 7 38
Lys->Allysine K 12 ALELFRNDIAAKYK 1 3 146
3 HLKTEAEMK 2 3 51
9 KGHHEAELKPLAQSHATK 1 66 88
KHGTVVLTALGGILKK 1 6 64
11 LFTGHPETLEKFDK 1 1 43

*Pro->GlutamicSemialdehyde modifications may also include Pro->Hydroxyproline modifications (both Am/z +15.995).22 MCO, metal-
catalysed oxidation.
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Figure 4.3.2. Crystal structure for equine myoglobin (https://www.rcsb.org/structure/1dwr) showing carbonylated residues (blue) found via
bottom-up proteomic analysis of the oxidised protein that are not present in unmodified samples and their proximity to the heme prosthetic
group (pink).40-41

4.3.3 Identification of oxidised peptide labelling with DPANzine fluorophores

Based on the findings from the analysis of oxidised myoglobin, modifications to lysine, threonine and
proline residues resulting from DPANzine conjugation give rise to mass shifts of +276.1375, +259.1110 and
+258.1269 Da, respectively (Table 4.3.3). Given the absence of arginine modifications for the unlabelled oxidised
myoglobin and the limited number of dynamic modifications allowed by Sequest, we decided to exclude
DPANzine-arginine modifications from the analysis.*? Despite the high number of carbonylated residues found
prior to labelling, a Sequest HT search of oxidised myoglobin incubated with DPANzine identified only one
labelled residue, assigned to either Lysine 14 or 15 of peptide HGTVVLTALGGILKK (amino acid 79 or 80 with
respect to the protein sequence), although exact assighnment was not possible due to the absence of y1/bis/14
fragment ions (Figure 4.3.3). This modification was also unique to DPANzine-labelled oxidised myoglobin and

not found in unmodified (with or without incubation with DPANzine) or unlabelled samples.

Table 4.3.3. Modified amino acid residues used for Sequest HT database search of digested myoglobin labelled with DPANzine.

Amino acid residue  Carbonylation product Modified residue structure A mass (Da) A mass (Da),

NaCNBH;

9 o]

OH
NH
Proline

Exact mass: 115.0633
Average mass: 115.1320

o]

NH,

NH;

Lysine
Exact mass: 146.1055
Average mass: 146.1900

Threonine
Exact mass: 119.0582
Average mass: 119.1200

o
X
HOJK‘A/\D w ’H
s HO N ‘
=

glutamic semialdehyde

NH;

HO. S
\H/k/\/\o

o

aminoadipic semialdehyde
(allysine)

o
H o)‘\fgo

NH,

2-amino-3-ketobutyric
acid

NH,

CN

Exact: 276.1375
Average:
276.3430

Exact: 259.1110
Average:
259.3120

Exact: 258.1269
Average:
258.3279

Exact: 278.1531
Average:
278.3586

Exact: 261.1266
Average:
261.1320

Exact: 260.1426
Average:
260.3436

An additional modification to the N-terminal lysine of this same peptide (with an additional N-terminal
missed cleavage) was identified with a mass shift consistent with that of DPANzine conjugated to aminoadipic
semialdehyde (+259.1110 Da); however, nearly identical peptide-spectrum matches (PSMs), varying only in the

number of missed cleavages, were found in oxidised unlabelled, labelled, and oxidised labelled myoglobin
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digests (Figure 4.3.4). Interestingly, this modification, which was located at the N-terminus of the peptide,
appeared to supress fragmentation, as no unambiguous b ions were observed in the fragment spectra. We
therefore hypothesised that this mass shift instead resulted from another modification of similar mass, such as
a previously unreported PTM, non-enzymatic glycation product, or sample preparation artifact, but were unable
to find relevant literature examples to confidently assign it. Modification of myoglobin by reducing sugars and
reactive aldehydes, such as glucose, fructose, ribose, 3-deoxyglucosone and methylglyoxal, have been reported
previously.?>3% 4347 These modifications are a result from a three-step process known as the Maillard reaction:
(1) reaction between the carbonyl groups of these molecules with the amines of amino acid residues to form
Schiff bases, (2) rearrangement of aldose sugars to form ketoamine (Amadori) adducts and (3) degradation to
more reactive carbonyls, which can form crosslinks to other amino acid residues.*® Because of the wide range of
potential Maillard reaction products, we hypothesised that this modification could result from an unexpected

fragmentation, degradation or reaction product of this pathway.
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Figure 4.3.3. Fragment spectrum for m/z 589.0069 Da identified as peptide HGTVVLTALGGILKK with modifications corresponding to
aminoadipic semialdehyde (allysine) and DPANzine labelling at lysines 15 and 14, respectively.
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Figure 4.3.4. Fragment spectrum for m/z 532.04736 Da identified as peptide KHGTVVLTALGGILKK with an unknown modification detected
for lysine 1.
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The reaction between hydrazones and carbonyls to form Schiff bases is reversible; therefore, labelling
with hydrazone derivatives is often followed by a reduction step, using either NaBH4 or NaCNBH3.1® Because the
limited labelling of oxidised myoglobin by DPANzine could have resulted from decomposition of conjugates
during sample preparation, duplicate samples of DPANzine-labelled oxidised and unmodified myoglobin were
treated by an additional reduction step using NaCNBHs. Against expectations, NaCNBHs reduction resulted in no
detectable DPANzine labelling. It is possible that this reduction step may have somehow modified other
unlabelled residues, leading to mass shifts that were not included as potential modifications in the Sequest
search, although the reduction of aldehydes and ketones by NaCNBHsz at neutral pH is expected to be
negligible.*® Unexpected combinations of modifications would lead to mass shifts that are outside the narrow

mass error range (and therefore these peptides would be missed during targeted searches).

4.3.4 Error-tolerant search for oxidative and chemical modifications

Initial proteomic analysis of these samples established that the complexity of MS data derived from
tryptic digests of MCO-treated and chemically labelled proteins may prohibit the effective identification of PSMs
resulting from unexpected combinations of modifications. An alternative strategy, known as an ‘error-tolerant’
or ‘open’ search, can be used to instead identify peptides with large deviations from their expected m/z, by
setting the search parameters to include wide precursor mass errors. Previously unmatched MS/MS spectra can
therefore be assigned to a theoretical peptide sequence to determine mass shifts corresponding to PTMs or
other deviations from the database amino acid sequence.*® An error-tolerant search of the data for DPANzine-
labelled oxidised myoglobin for mass shifts of +200-1000 Da found several modifications that were not present
in the control and oxidised unlabelled samples. Of these, mass shifts of +241.987 - 242.053 Da were of interest
because they possibly resulted from modification of a carbonylated lysine residue by DPANzine with
simultaneous loss of ammonia (-17.0265 Da), which was not included as a dynamic modification in the original
search (Figure 4.3.5). On inspection of the relevant fragment spectra (Figure 4.3.6), several of these peptides
also had b and y ion fragments consistent with addition of an = 260 Da modification, from which the labelled
amino acids could also be predicted. Specifically, a +260.1184 Da mass shift for the bs" ion of peptide
NDIAAKYKELGFQG (Figure 4.3.6B) would likely result from modification of a lysine residue, whereas a mass shift
of +258.1927 Da for the b12?** ion of peptide HGTVVLTALGGILK suggests modification of a threonine residue
(Figure 4.3.6C).
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Figure 4.3.6. Fragment spectrum for peptides with mass shifts of +242 Da detected using a DeltaMass error-tolerant search. (A) M/z
757.32886 Da identified as peptide LFTGHPETLEK with a modification of +242.025 Da. (B) Fragment spectrum for m/z 898.41388 Da
identified as peptide NDIAAKYKELGFQG with a modification of +241.987 Da. (C) Fragment spectrum for m/z 810.92212 Da identified as
peptide HGTVVLTALGGILK with a modification of +241.987.

Based on the results from this search, it appears that several DPANzine modifications may have been
missed during the targeted search. Many additional mass shifts specific to the DPANzine-labelled oxidised
myoglobin sample were not assigned to know modifications, but possibly arose from fragmentation or
degradation of this label, or combinations of modifications, which are difficult to interpret without individual

manual analysis of each fragment spectrum.?*

4.4 Conclusions

Our preliminary assessment of myoglobin carbonylation suggests that the mechanisms behind in vitro
carbonylation, in this case induced by exposure to a combination of ascorbic acid and FeCls, may differ from
those involved in carbonylation resulting from the lower levels of oxidative stress encountered under
physiological conditions or during sample preparation.?? These differences could be significant in the
pathogenesis of a range of human diseases.?®32 However, broader investigations into the effects of other ROS
model systems and comparison of different heme and nonheme proteins is required to better explain these

findings.??

A disadvantage of Sequest searches is the limited number of dynamic modifications that can be defined,
which can potentially lead to misassigned peptides or undetected modifications.3> #? This limitation is clearly
evident from the present study, in which the complexity and heterogeneity of potential in vivo, in vitro and
chemical modifications strongly influenced the optimum data analysis strategy for identifying individual
modifications. An initial targeted Sequest search returned few viable examples of DPANzine labelling. In
contrast, the utilisation of an error-tolerant search provided a convenient means of comparing mass shift profiles

between experimental and control groups. The identification of unique mass shifts for DPANzine-labelled
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oxidised myoglobin confirmed that this approach is an easy way to screen for unpredicted combinations of
modifications, which result in discrepancies between the precursor and fragment ion spectra. From these data,
we were able to deduce that DPANzine primarily modifies carbonylated lysine and threonine residues, which is

consistent with the fact that MCO-induced carbonylation also occurred more frequently at these residues.

Undoubtedly, the complexity of modified peptides that result from MCO is a significant challenge for
MS proteomics. Even for a small protein such as myoglobin, manual interpretation of fragment spectra to
correlate error-tolerant search results with mass shifts for individual fragment ions is a time-consuming process.
The establishment of an ideal approach to analysing chemical labelling of carbonylated residues will require
further investigation into alternative models of protein oxidation, sample preparation and analysis workflows,
and data analysis methods. For example, sequence libraries generated from additional optimised data-
dependent acquisitions could be used in combination with data-independent analysis strategies to obtain a
more comprehensive analysis of these modifications and even be used for analysing complex labelled samples,
such as cell lysates.5 53 However, this study provided useful insights into potential strategies for overcoming the
significant challenges of analysing heavily modified proteins and presents a simple data processing strategy for

utilising pre-existing data acquired using a common shotgun proteomics approach.
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4.6 Experimental

4.6.1 MCO protocol. Equine heart myoglobin (10 mg/mL) was solubilised in oxidising buffer (25 mM 4-
(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid [HEPES], 25 mM ascorbic acid, 100 uM FeCls, pH 7.2) and
incubated for at 37 °C for 1 h. The protein solution was then applied to a gel filtration chromatography column
in HE buffer (50 mM HEPES, 1 mM EDTA, pH 7.2). The resulting oxidised protein was quantified using a Bradford

protein assay and aliquoted to store at -80 °C until further use.

4.6.2 Labelling with DPANzine. Samples of oxidised and unmodified myoglobin (10 ug per sample, = 1.5
x 10* pmol) were allowed to react with DPANzine (10 equivalents, 1.5 x 10-3 pmol) in HE buffer containing <5 %
DMSO (v/v) for 20 min at room temperature in the dark. Additional labelled samples (oxidised and unmodified)
were reduced by addition of NaCNBH3 (60 mM, diluted from a 600 mM stock) and incubation at room

temperature for 30 min. Lyophilised aliquots were stored at -20 °C until further use.

4.6.3 Trypsin/Lys-C digestion. Following oxidation, labelling and/or reduction, myoglobin samples (10
ug) were reconstituted in 7 M urea in 50 mM Tris with 5 mM dithiothreitol (100 uL) and incubated at 37 °C for
30 min. lodoacetamide was added to a final concentration of 15 mM and the solution incubated in the dark at
room temperature for 30 min. Following reduction and alkylation, myoglobin samples were digested using Mass
Spectrometry Grade Trypsin/Lys-C (Promega, Madison, USA) according to the manufacturer’s two-step in-
solution digestion protocol. Briefly, 1/25 equivalents protease:protein (w/w; 10 pL of a 40 ng/uL stock) were
added to each sample and the reaction incubated at 37 °C for 3 h 45 min while shaking. Solutions were then
diluted with 50 mM Tris (pH 8, 700 pL) and incubated overnight at 37 °C while shaking. Digestions were quenched
with trifluoroacetic acid (8 uL) and samples lyophilised before reconstitution in MilliQ water (90 pL) and

purification using Pierce™ C18 Spin Columns (Thermo Fisher Scientific, Scoresby, Australia).

4.6.4 LC-MS/MS. LC-MS analysis of myoglobin samples was performed using an Ultimate 3000
RSLCnano HPLC connected to an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific, Bremen,
Germany). Peptides (250 ng) in 7 % acetonitrile were loaded onto a 25 cm analytical column (75 um internal
diameter packed with 1.9 um C18 particles) heated to 50 °C. A 10-minute linear gradient (3 to 28 % acetonitrile
in 0.1 % formic acid) was run at 300 nL/min to facilitate peptide separation and eluted over a total run time of
45 minutes. Compensation voltages of -50 and -70 V were generated from a FAIMS Pro interface (Thermo
Scientific) to regulate the entry of eluted peptides into the mass spectrometer. MS scans (m/z 300 to 1500) were
acquired at resolution 60 000 (m/z 200) in positive ion mode. MS/MS scans (15 000 resolution) of multiply
charged precursors were obtained in data-dependent mode, with fragmentation (27.5 % high-energy collisional
dissociation [HCD] energy) performed if the precursors surpassed a 1 x 10° intensity threshold. The dynamic

exclusion period was set to 10 seconds.

4.6.5 Data Analysis. Proteome Discoverer v2.5 (Thermo Scientific) was used with processing workflows
based on the basic Sequest analysis template (‘PWF_OT_Basic_SequestHT’) included in the software package,

which included the following nodes: (1) ‘Spectrum Files’; (2) ‘Spectrum Selector’ to extract MS2 scans, together
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with a precise precursor m/z and charge; (3) ‘Sequest HT’, which generates virtual spectra from a database (in
this case the FASTA file for Equus caballus (horse) myoglobin (https://www.uniprot.org/uniprot/P68082.fasta)
and matches them to experimental spectra; and (4) ‘Fixed Value PSM Validator’ to eliminate peptides with Delta
Correlation (Delta Cn) >0.05.5* All node parameters were kept as their default values, with the exception of
chemical modifications, which included dynamic N-terminal modifications acetylation (+42.001 Da), methionine
loss (-131.040 Da) and methionine loss with acetylation (-89.030 Da); static cysteine carbamidomethylation
(+57.021 Da); and modifications outlined in Tables 4.3.1 and 4.3.3 for assessing carbonylation, and labelling with

DPANzine with or without subsequent NaCNBH3 reduction, respectively.

An error-tolerant search was also performed by setting the Sequest HT precursor mass tolerance to
11000 Da and included the same chemical modifications, modules and parameters descried above. The analysis
results for each file were exported separately as .pep.xml files for analysis using DeltaMass v1.2.2
(https://github.com/ chhh/deltamass).>* The Sequest HT output files were then searched against forward
sequences generated from the horse myoglobin FASTA database with zero-peak correction, for mass shifts of
200-1000 Da. The minimum data (‘Min Data’) and minimum peptide spectrum matches (‘Min PSMs’) were set

to 5 and 1, respectively. All other peak detection settings were left as their default values.
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CHAPTER FIVE

Development of a modular synthetic route for protein chemical cross-linking

reagents

Foreword

Whereas post-translational modifications are widely acknowledged as important factors in the
pathogenesis of many human diseases, there is an increasing interest in the study of protein quaternary
structure and protein-protein interactions and how they influence protein function. In Chapter 4, we
demonstrated that bottom-up proteomics can be an effective method for studying the interactions between
novel chemical reagents and individual amino acid residues in proteins. This strategy can also been applied for
the analysis of proteins modified by chemical crosslinking, a term used to denote the covalent modification of
proteins by reagents (‘crosslinkers’) with two reactive groups that are able to form a link between nearby amino
acid residues. Crosslinked peptides can provide information related to the position of amino acids within
proteins, and therefore how these residues were positioned in the intact protein or complex. Recent
developments in crosslinkers design have gained a lot of attention from mass spectrometrists, who are
interested in incorporating additional functionalities, such as affinity tags and cleavable groups, to facilitate the
purification and identification of crosslinked peptides. The following study describes work by our research group
to develop modular synthetic routes towards novel crosslinkers, which include various combinations of these

features.
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Abstract

Cross-linking mass spectrometry is a rapidly emerging technique that gives information on protein
structure and subunit architecture. Typically in such an experiment, chemical reagents covalently link protein
sites together, which, when followed by proteolytic digestion and detection of linkage sites by mass
spectrometry analysis, gives information on inter- and intra-protein contacts. While many cross-linking reagents
are commercially available, their specific functionalities may not always satisfy the diverse chemical and
analytical requirements best suited for a particular system or experiment of interest. Here we describe a
modular synthetic protocol allowing customisation of reactive groups and spacer arms, giving flexibility in linker
design to enable the vast variety of potential protein cross-linking experiments. Implementing the general
synthetic method allowed for the production of 8 unique homo- and heterobifunctional cross-linkers, including
4 different reactive groups, positive and negative mode mass spectrometry-cleavable spacer arms and sites for
post-linkage derivatisation, for example with enrichment and identification tags. Optimisation and application
of these reagents to model systems exemplifies the potential for this modular protocol to address some of the

analytical challenges associated with protein structure determination by cross-linking mass spectrometry.
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Introduction

The function of proteins is inherently tied to their three-dimensional structure and how they interact
with other molecules. Consequently, the ongoing development of analytical methods to probe protein
organisation is critical for advancements in structural biology. Many protein systems are not amenable to
structure determination by traditional high-resolution techniques such as X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy, due to inherent limitations of the methods. As a result, alternative
low-resolution approaches such as chemical cross-linking combined with mass spectrometry (XL-MS) have
emerged as powerful alternatives. XL-MS is a highly versatile tool to interrogate protein structure and map
protein-protein binding interfaces.! Unlike these traditional methods, XL-MS does not require a homogenous
analyte structure and can give information on highly dynamic proteins. Only micrograms of sample is required

and it can be performed both in vitro and in vivo,>? with either targeted or proteome-wide applications.*®

In a standard XL-MS workflow, proteins are chemically ligated in their native state using small molecule
cross-linkers and then enzymatically digested. The resultant peptide mixture is sequenced by liquid
chromatography tandem MS (LC-MS/MS) to locate linkage sites. The simplest cross-linker design includes two
reactive units, which allow the compound to covalently link amino acids, commonly at basic or sulfhydryl
residues, separated by a spacer arm (Fig. 1). For example, N-hydroxysuccinimide (NHS), the most common
reactive group, targets lysine or N-terminal residues, while the maleimide reactive group targets cysteines.>’ In
the case of certain proteins, amino acids of the same type are scarce, leading to the development of
heterobifunctional linkers such as N-(a-maleimidoacetoxy) succinimide ester (AMAS), a linker that combines
NHS and maleimide reactive groups. Building upon the concept of heterobifunctional reagents, non-specific
linkers combine a ‘standard reactive group’ with a photoreactive group, typically aryl azides or diazirines,

capable of indiscriminately reacting with heteroatom bonds to greatly increase potential linkage opportunities.

Figure 1. An example of a simple, commercially available cross-linker, disuccinimidyl glutarate (DSG), comprised of a non-cleavable 5 carbon
chain between two lysine-reactive NHS residues.

Following covalent cross-linking, as the length of the spacer arm is known, inter- and intra-protein
upper distance constraints can be defined through site-specific localisation of the cross-links.3 These distance
constraints allow for the interrogation of protein-binding interfaces, intramolecular contacts and interaction
stoichiometries.® Furthermore, while techniques like crystallography require rigid structures for accurate models

to be constructed, XL-MS can also capture regions that exhibit structural differences between conformational
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states, and can give information on the rearrangements and transient interactions of proteins, which are often

critical in controlling cellular processes.?®

Despite great advances in the field of XL-MS, analytical limitations remain. For example, due to low
reaction efficiencies, unlinked peptides and ‘dead-end’ modifications, which have linked on one end and are
hydrolysed on the other, significantly outnumber useful intra- and inter-protein cross-links. This has led to an
increased interest in the introduction of enrichment tags capable of extracting modified peptides through a
variety of common methods such as avidin- or immobilised-metal-affinity chromatography.®>? In addition,
peptides joined with non-cleavable linkers must be analysed as covalent pairs, giving rise to more complex
MS/MS data as fragmentation occurs simultaneously on both chains. This has spurred the development of
cleavable spacer arms capable of fragmenting under low-energy gas-phase activation regimes (such as collision
induced dissociation, CID) during MS.1>4 Here, linked peptides initially fragment at the labile spacer arm yielding
characteristic fragmentation patterns, distinguishing them from unlinked peptides, and enabling peptide pairs
to be selected independently by MS? analysis to more easily identify the residue-specific site of modification.®
Finally, alternative strategies such as the use of isotopically labelled linkers or linkers with reporter tag motifs,

which show characteristic mass differences during MS analysis, can improve linked peptide identification.'®

The structural diversity of proteins also creates unique challenges for each individual protein system.
For example, having access to only a few reactive amino acids can conceal important structural information.
Differences in the amounts and types of available amino acids necessitates different linker reactivity, while larger
distances between reactive groups may require different lengths for spacer arms. This has driven the
development of new reactive groups like aromatic glyoxal cross-linkers (ArGOs), dihydrazide sulfoxide and 1,1’-
carbonyldiimidazole, capable of reacting with arginine, acidic amino acids and hydroxyl groups, respectively.}”
1% While the wealth of new cross-linker options is beneficial to the field, in most applications, these are typically
confined to commercially available compounds that lack flexibility in terms of spacer arm length and the

analytical features described above.

The ability to easily access a diverse range of cross-linking reagents with different reactivities, structures
and properties would greatly expand the capabilities of XL-MS. This study describes the development of a
modular synthetic strategy, which allows for the straight-forward production of cross-linkers that can
incorporate various functionalities, including enrichment and fluorescent tags, varied-length or CID-cleavable
spacer arms and hetero- or homobifunctional reactive groups, to enable researchers to readily adapt linker
selection to the specific needs of the experiment or system of interest. We exemplify the synthetic utility of this
strategy through construction of a small linker library and demonstrate application of the linkers to example

peptide and protein systems.

64



Results and Discussion

Development of a modular synthetic protocol

To address the lack of diversity in commercially available cross-linker options, a modular synthetic
protocol was developed based around amino-acid building blocks to ensure the components were readily
available, low cost and easily adaptable for functional group tuneability (Fig. 2). The synthesis was designed to
allow for reactive groups and spacer arms that can be exchanged depending on the demands of the experiment,
while also including a motif to which enrichment or luminescent tags (or other functionalities) can be attached

after cross-linking.
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Figure 2. (A) The general structure of the modular linker includes 3 components: the ‘click’-modified amino acid core (blue), the spacer arm
(green) and the reactive group (red), which can be synthesised in a combinatorial fashion (B). (C) Structures contained in the cross-linker

library synthesised using the modular protocol.

At the core of the synthetic strategy is a base unit that includes a ‘click’ tag capable of undergoing
derivatisation under biocompatible conditions. This click chemistry is mediated by an alkyne or azide tag which
allows for the inclusion of post-linkage modifications via a copper-catalysed Huisgen cycloaddition. Currently,
there are numerous examples of alkyne/azide reagents that are commercially available, including modifications
such as dyes, FLAG tags and agarose or magnetic beads. Two base units were proposed with an alkyne and an
azide click tag (Fig. 2B), which allow for the same sample to be aliquoted and derivatised with different
modifications, which would be impossible if modifications were introduced to the linker prior to cross-linking.
The alkyne base unit (12) was synthesised by O-alkylation of commercially available tert-butyloxycarbonyl (N-
Boc)-protected serine with propargyl bromide, followed by a one pot N-Boc cleavage and methyl esterification
(Supp. Scheme 1). The azide base unit (10) was synthesized by a diazo transfer reaction with an N-Boc protected

lysine, followed by the same one pot N-Boc cleavage and methyl esterification reaction (Supp. Scheme 1).
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Following synthesis of the two base units, all subsequent reactions followed the same general reaction
scheme wherein in the spacer arm is coupled to the amino acid base unit by a peptide coupling, followed by a
methyl ester hydrolysis and finally coupling of the reactive groups to the exposed acids (Scheme 1). For the easy
incorporation of different spacer arms, the synthesis was designed around a hexafluorophosphate
azabenzotriazole tetramethyl uronium (HATU)-mediated peptide coupling so that any spacer arm with a
carboxylic acid could be incorporated into the final compound (Fig. 2B). This allows different spacer arm lengths
to be chosen by selecting the appropriate length diacid for coupling. In this study two examples were chosen,
monomethyl adipate and heptanedioic acid, to showcase the simplicity by which different carbon-chain lengths

can be included.
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Scheme 1. General synthetic protocol highlighting the modularity of the approach. Introducing a diacid and reactive group of choice allows
for synthesis of a custom linker.

To demonstrate the incorporation of gas-phase labile bonds into the cross-linker spacer arm, two
additional diacids were chosen for coupling: S-methyl 5,5'-thiodipentanoic acid, capable of fragmentation under
low-energy CID conditions in positive-ion mode,?° and 3,3’-dithiopropionic acid, capable of facile fragmentation
under negative-ion CID conditions.?! It is possible to perform XL-MS analysis under both positive and negative
ion MS conditions, and therefore it is advantageous to incorporate moieties that undergo selective
fragmentation in both of these modes. For linkers 4, 6 and 7 an additional step was necessary wherein the
penultimate NHS-coupled compound undergoes methylation with methyl iodide to form the fixed-charge

sulfonium ion required for positive-ion mode fragmentation.

Following peptide coupling of the spacer arm, alkaline hydrolysis of the methyl ester yielded two free
carboxylic acids with which a variety of reactive groups are available for N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC-HCI) coupling to generate the final reactive linker. Further customisation
is possible to introduce UV-reactive heterobifunctional cross-linking through the coupling of 3-methyl-diazirine-
3-propanoic acid, instead of a diacid, to yield linker 8. Subsequent steps follow the same protocol, with the
exception of reducing the equivalents of NHS coupling reagents to reflect that only one NHS is coupled to the

final linker.
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Based on this general synthetic protocol, a small library of 8 linkers was synthesised with differing
spacer-arm lengths, fragmentable moieties and reactive groups, all of which included an alkyne or azide tag

available for further modification post-linkage (Fig. 2C).

Cross-linking and fragmentation characterisation

To demonstrate the reactivity of the synthesised library, a selection of amine-reactive linkers was
applied to a test peptide, acetylated AAKA (AcAAKA), which is a simple model system with a single primary amine
available for cross-linking. Incubation of cross-linkers with AcAAKA at a high concentration allows for the
simulation of the peptide linkages that could be expected in a proteolytic digest. Initially, compound 1 was used
to form a cross-link between AcAAKA peptides and MS/MS analysis was performed on the cross-linked peptide,
the structure of which was confirmed by the expected fragmentation products (Supp. Fig. 1). Following this, the
facile fragmentation of CID-cleavable linkers was validated using a negative- and positive-ion-mode cleavable
linker (compounds 3 and 4 respectively). Both compounds were reacted with AcAAKA and MS/MS analysis
revealed spectra consistent with the expected dissociation patterns (Fig. 3). Compound 4 produced 2 major
fragmentation products separated by 125 m/z, suggesting formation of a 6-membered oxazoline ring under low-
energy CID, preferencing the non-serine side (Fig. 3A).2° Capable instruments may then scan for this
characteristic 125 m/z doublet during MS/MS under lower fragmentation energies and isolate each ion for
higher-energy MS sequencing experiments, allowing each linked peptide to be more easily identified and then
sequenced, greatly improving site-specific localisation of the modification.?? Similarly, the negative-ion-mode
linker cleaved as expected, forming a characteristic quartet fragmentation pattern, also suited to subsequent
MS? sequencing experiments.?® The facile fragmentation about the disulfide bond in the linker chain is effected
by either an enolate anion or by an anion situated directly adjacent to the disulfide.?* There are therefore four
potential possible products as fragmentation can take place on the serine or non-serine side of the disulfide
bond, although the relative abundance of these signals in the MS/MS spectra of the linked AcAAKA peptides did

not reveal significant preference for either side in this example (Fig. 3B).
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Figure 3. (A) Low-energy CID (20-40 V) of linker 3 cross-linked to AcAAKA vyield two major fragment ions corresponding to 6-member
oxazoline rings on the non-serine (484.27 m/z) or serine side (609.32 m/z) from the precursor ion (1140.58 m/z). (B) The linker 4 precursor
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ion (1100.51 m/z) yielded 4 fragment ions upon CID at a low energy: an enone product on the non-serine (454.24 m/z) and serine (579.29
my/z) side and a thiol product on the non-serine (488.23 m/z) and serine (613.28 m/z).

Overall, these results confirm that the alkyne-modified serine is a suitable base unit to combine with
diacid spacer arms in order to successfully form covalent links between lysine residues, and the resultant linkers

are able to effectively fragment under CID conditions.

Post cross-link derivatisation of the modular linker

A feature of the modular linker design is the included alkyne/azide tag, which can be derivatised
subsequent to the reaction with proteins. This is advantageous since it avoids the inclusion of bulky groups such
as biotin in the reactive linker, which can potentially restrict access to reactive sites on the protein during the
cross-linking reaction. It also allows for flexibility in the choice of ‘clickable’ motif to include a range of
functionalities. Alkyne and azide groups on biotin, fluorescent tags, agarose UV-cleavable beads, peptides and
oligos, amongst many other examples, are becoming increasingly available commercially, and the flexibility to
apply several tags to a single cross-linked sample is attractive. After validation of covalent linkage, the ability for
post-cross-linking derivatisation of the linkers through a copper-catalysed Huisgen cycloaddition reaction was

demonstrated with both biotin and cyanine 3 (Cy3) for enrichment and fluorescent visualisation, respectively.

Following covalent linkage between compound 1 and AcAAKA, a simple copper catalysed click reaction
facilitated the addition of biotin azide. Evidence for the successful derivatisation was provided by MS, with
MS/MS analysis of the expected (M+H)* ion of the product at 1294 m/z giving rise to the expected fragment ions
(Fig. 4A). Biotin affinity purification following this reaction allows for enrichment in a manner which is familiar

and available to many biochemistry laboratories.

The flexibility offered by post-cross-linking derivatisation was further showcased using two different
linkers, compound 5 and 6. Both compounds and a commercially available control, disuccinimidyl sulfoxide
(DSSO), were used to cross-link hen egg lysozyme and the resulting products were separated by SDS-PAGE and
visualised using Coomassie Brilliant Blue stain (Fig 4B). Modification of the lysozyme monomer by cross-linkers
was confirmed by MS (Supp. Fig. 2). Despite differences in linker length that may affect lysine accessibilities,
both custom linkers showed comparable cross-linking efficiency with the DSSO control, and dimer band densities
were reflective of the monomer to dimer ratio in buffered solution.?*> Before SDS-PAGE, a sample of protein
linked with compounds 5 and 6 was further covalently modified with Cy3-azide by copper-catalysed
cycloaddition, and modifications were evidenced by an upward band shift in the gel due to the added mass of
the cy3 tag. The gels were then visualised by Cy3 fluorescence emission at 556 nm, following excitation at 553
nm. To emphasize how fluorescence tags could be used to increase visibility of hidden covalently modified
protein complexes, smaller amounts of Cy3-modified proteins were loaded onto the gel to reduce the dimer
intensity below limits of detection of the Coomassie stain (Fig 4B). Notably, the band width of lysozyme-Cy3-

linker complexes increased, giving an indication of heterogenous mass changes due to attached cy3 tags. Upon
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irradiation and fluorescence detection, the dimeric species that were undetectable using Coomassie staining

alone were revealed by the cy3 dye.
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Figure 4. (A) CID was used to characterise cross-linked AcAAKA using linker 1 followed by post-linkage modification with biotin-azide using
a Cu-catalysed click cycloaddition reaction. The precursor ion was identified (1293 m/z) and MS/MS analysis revealed characteristic fragment
ions at 892 and 581 m/z that represent the precursor ion minus one and two AcAAKA peptides, respectively. (B, left) SDS-PAGE revealed
successful covalent linkage of lysozyme dimers using compounds 5 and 6 by comparison to a commercially available linker (DSSO), as well
as post-linkage modification with Cy3 (B, right). Fluorescence imaging highlights the ability to uncover hidden oligomers through dye
derivatisation of linked samples.

The application of XL-MS has in recent years gone beyond in vitro samples and small numbers of
interacting proteins, with cellular and tissue samples now subject to XL-MS for proteome-wide interactomic
analysis. The avenue of in vivo cross-linking and the increased complexity of these samples has led to a greater
dependence on enrichment tags and cleavable spacer arms. For example, cross-linking of mammalian cells with
azide-A-DSBSO, a cross-linker capable of undergoing biotin click chemistry, was able to enrich and sequence 136
intrasubunit and 104 intersubunit protein cross-links.2® Following this, new enrichment techniques allow for
covalent linkage directly to alkyne or azide-containing beads, skipping biotin-streptavidin enrichment techniques
and improving enrichment efficiency by up to 5 times.?” While impressive, the structural information obtained

could be expanded upon further by introducing different spacer arm lengths and reactive motifs using the

69



modular approach presented. While this study explores 4 potential reactive groups, cysteine-reactive
bismaleimide and acid-reactive dihydrazide groups offer alternative linking chemistry that can be easily derived
in one step from NHS-containing linkers as shown by Gutierrez, et al.”'® Furthermore, the wide availability of
isotopically labelled amino acids would allow for the simple inclusion of a heavy serine/lysine base unit for
synthesis, potentially yielding greater cross-link identification and even relative quantitation via the detection

of characteristic isotope patterns during MS.°
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Conclusion

This study presents a modular synthetic protocol for the synthesis of protein cross-linking reagents
capable of tackling the individual challenges associated with protein structure determination by XL-MS. The
ability to exchange reactive groups and spacer arms as needed was showcased through the synthesis of a library
containing 8 unique cross-linkers. The reagents analysed here displayed covalent linkages with model peptides
and lysozyme with a comparable efficiency to that of commercially available cross-linkers. The introduction of
cleavable spacer arms allows for improved identification strategies through diagnostic fragmentation peaks. In
addition, centring the synthesis around an alkyne-/azide-modified amino acid allows for introduction of
additional functionality through copper click chemistry, as we demonstrated through post-linkage modification
of biotin for avidin-affinity purification or Cy3 for improved visualisation through fluorescence. Overall, this
synthetic protocol aims to reduce the complexity of XL-MS by offering a scaffold for greatly improving the
diversity of potential cross-linking reagents, intentionally designed for the highly variable requirements of the

field.
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Materials and Methods

Materials and reagents

Chemicals were purchased from Merck (Kenilworth, NJ, USA) or AK Scientific (Union City, CA, USA). The
peptide AcAAKA was synthesised in-house using standard Fmoc solid-phase methods on 2-chlorotrityl chloride
resin (GL Biochem, Shanghai, China) and purified by high-performance liquid chromatography (HPLC) to greater

than 95% purity as described previously.?*

Synthesis of cross-linkers

All linkers were synthesised from a general synthetic procedure beginning with amide coupling
between the desired diacid spacer arm (this includes coupling with 3-methyl-diazirine-3-propanoic acid) and
either the alkyne base unit (12) or the azide base unit (10), followed by deprotection by methyl ester hydrolysis.
Finally, esterification with N-hydroxysuccinimide (NHS), tetrafluorophnenol (TFP) or pentafluorophenol (PFP)
and EDC-HCl yielded the final linkers (Fig. 2C). 500 MHz 'H and *3C nuclear magnetic resonance (NMR) spectra
were obtained using an Agilent 500/54 Premium Shielded NMR spectrometer (Agilent Technologies, Santa Clara,
CA, USA). High-resolution mass spectrometry (HRMS) data were obtained using an Agilent 6230 TOF LC/MS
equipped with an Infinity 1260 LC system (Agilent Technologies). MS/MS data were obtained using a Micromass
QTOF2 mass spectrometer (Milford, MA, USA).

Synthesis of compound 10. This procedure was based on a previously published synthesis.? Triflic
anhydride (25 mL, 146 mmol) was added to a solution of sodium azide (26.6 g, 410 mmol) in water (100 mL)
while stirring at 0 °C. The reaction was allowed to warm to room temperature while stirring for 2 h, then
extracted with dichloromethane (2 x 50 mL) and the combined organic extracts washed with saturated Na2COs
(100 mL). The organic extract was added dropwise to a stirred solution of N-a-Boc-L-lysine (10.1 g, 41.1 mmol),
CuS04.5H20 (1.11 g, 4.45 mmol) and K2COs (8.68 g, 62.8 mmol) in 2:1 (v/v) methanol/water (450 mL) at 0 °C. The
solvent was removed under reduced pressure and the resulting residue diluted with water (75 mL) and acidified
by dropwise addition of 6 N HCI until the formation of a precipitate. The suspension was then diluted with
potassium phosphate buffer (pH 6.2, 150 mL of 1:1 (v/v) 0.25 M K;HPO4/ 0.25 M KH:PQOa.) before further
acidifying to pH 3 with 6 N HCI. The mixture was then extracted with ethyl acetate (2 x 150 mL). The combined
organic extract was washed with water (100 mL) and brine (100 mL), then dried (NaSO4) and the solvent removed
under reduced pressure. The residue was dissolved chloroform (100 mL), filtered by suction filtration and the
solvent removed under reduced pressure to obtain a yellow oil (10.4 g, 93%). *H NMR (500 MHz, CDsOD, §):
4.11-4.08 (dd, J = 5.0 Hz, 1H), 3.33-3.30 (m, 2H), 1.88-1.81 (m, 1H), 1.72-1.64 (m, 1H), 1.65-1.60 (m, 2H), 1.54-
1.47 (m, 2H), 1.46 (s, 9H). 3C NMR (125 MHz, CDsOD, §): 176.2, 158.1, 80.5, 79.4, 54.7, 52.2, 32.4, 29.4, 28.7,
24.1. Compound 9 (2.04 g, 7.5 mmol) was dissolved in dry methanol (75 mL) at 0°C while stirring under N»
atmosphere. Thionyl chloride (1 mL, 15.0 mmol) was added dropwise to the stirred solution and the reaction
allowed to warm to room temperature for 24 h. The mixture was concentrated in vacuo and the residue co-

evaporated with methanol (3 x 15 mL). Lastly, the residue was redissolved in chloroform, filtered and the solvent
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removed under reduced pressure to obtain a pale-yellow oil (1.6 g, 115 % with residual solvent, used without
further purification). 'H NMR (500 MHz, CD30D, &): 4.07 (t, J = 6.4 Hz, 1H), 3.86 (s, 3H), 3.36 (t, J = 6.6 Hz, 2H),
3.32 (p, J = 1.7 Hz, 1H), 1.94 (m, J=19.7, 16.5, 14.2, 8.9, 5.6 Hz, 2H), 1.65 (p, J = 7.0 Hz, 2H), 1.61-1.53 (m, 1H),
1.53-1.42 (m, 1H). HRMS (ESI) m/z: M* calculated for C7H1aN4O>, 186.1117, found [M+H]*: 187.1193.

Synthesis of compound 12. Compound 12 was synthesised by dissolving Boc-L-Serine (2.01 g, 9.7 mmol)
in DMF (100 mL) and stirring on ice for 15 min. A 60 % w/w dispersion of sodium hydride (995 mg, 24.8 mmol)
was added and the solution was stirred on ice for 45 min. An 80 % solution of propargyl bromide (1.2 mL, 10.7
mmol) was added dropwise to the solution and the reaction stirred at 0°C for 15 min. The reaction mixture was
allowed to warm to room temperature and then stir overnight under a nitrogen atmosphere. Water (15 mL) was
added and stirred for 5 minutes. The solution was washed with diethyl ether (20 mL), acidified (pH <3) with 1 M
KHSO4 (95 mL) and then extracted with ethyl acetate (3 x 30 mL). The combined extracts were washed with
water (3 x 100 mL) and dried over Na:SOa. The solvent was removed in vacuo to yield 11 as a yellow oil which
was used without further purification (2.16 g, 91 %). *H NMR (500 MHz, DMSO-ds, 8): 5.38 (d, J = 8.2 Hz, 1H),
4.49 (d, J = 8.1 Hz, 1H), 4.23-4.14 (m, 2H), 4.00 (dd, J = 8.8, 2.2 Hz, 1H), 3.81 (dd, J =9.4, 3.5 Hz, 1H), 2.47 (t,J =
2.3 Hz, 1H), 1.46 (s, 9H). 3C NMR (125 MHz, CDCls, 6): 175.1, 155.9, 80.6, 78.8, 75.4, 69.6, 58.8, 53.8, 28.41. All
NMR data is consistent with literature.?® The acid (11) (2.00 g, 8.22 mmol) was dissolved in methanol (100 mL)
and stirred on ice for 15 min. Thionyl chloride was then added dropwise (1.20 mL, 16.4 mmol) under a nitrogen
atmosphere. The solvent was removed in vacuo and the residue was co-evaporated with methanol three times
to yield compound 12 (1.64 g, 97 %) as an orange oil. *H NMR (500 MHz, DMSO-ds, 8): 8.64 (br s, 3H), 4.37 (t, J
=3.3 Hz, 1H), 4.24 (dd, J = 16.1, 2.2 Hz, 1H), 4.20 (dd, J = 16.1, 2.2 Hz, 1H), 3.91 (dd, J = 10.5, 4.1 Hz, 1H), 3.85
(dd, J = 10.6, 3.0 Hz, 1H), 3.76 (s, 3H) 3.56 (t, J = 2.1 Hz, 1H). 3C NMR (125 MHz, CDs0OD, 6): 168.7, 79.4, 77.2,
67.6, 59.4, 54.3, 53.9. All NMR data is consistent with literature.?® HRMS (ESI+) calculated for C7H11NO3 M* =
157.0739, found [M+H]*: 158.0359.

General modular synthetic protocol. 10 or 12 was dissolved in dry tetrahydrofuran (5 mL per 100 mg)
with N, N-diisopropylethylamine (DIEA, 4.0 mol eq) while stirring. The desired spacer arm diacid (1.0 mol eq) was
added to the solution followed by HATU (1.2 mol eq). The mixture was stirred overnight at room temperature
under a nitrogen atmosphere. 1 M HCI (5 mL per 100 mg) was added and the solution was extracted with ethyl
acetate (1.5 mL per 100 mg, 3x). The organic phase was washed with water (3 x) and brine then dried over
Na2SOs4 and the solvent was removed in vacuo. The product was then purified by flash chromatography on

normal phase silica to yield the desired amide.

To hydrolyse the methyl ester, the amide was dissolved in THF (1 mL per 100 mg) and stirred on ice for
15 minutes. 1 M LiOH (4 mol eq.) was added and the reaction was stirred until completion as determined by thin
layer chromatography. The solvent was removed in vacuo and the residue was partitioned between
dichloromethane and water. The organic layer was isolated and the aqueous layer was extracted with
dichloromethane (2x). The combined organic extracts were washed with brine and dried over Na;SOas. The

solvent was removed in vacuo to yield the desired diacid as a yellow oil.
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The diacid was dissolved in anhydrous THF (10 mL per 100 mg) with EDC-HCI (3.4 mol eq) and stirred at
room temperature for 10 minutes. NHS, TFP or PFP (6 eq.) were added and the reaction was stirred at room
temperature under a nitrogen atmosphere overnight. The solvent was removed in vacuo and the resulting
residue was partitioned between dichloromethane and water. The aqueous layer was extracted with
dichloromethane (3x) and the combined organic extracts were dried over MgS04 and filtered. The solvent was
removed from the filtrate in vacuo to afford the ester, which was used for cross-linking reactions without further

purification.

Synthesis of compounds 4, 6 and 7. Synthesis of positive mode cleavable linkers were based on work by
Lu et al.?° Following coupling with 5,5’-thiodipentanoic acid and the corresponding reactive group, the thioether
was dissolved with methyl iodide (2.2 eq.) in dry acetonitrile (1.5 mL) and allowed to react while stirring at room
temperature for 4 days. The solvent was then removed in vacuo yielding a yellow oil which was used for cross-

linking reactions without further purification.

Cross-linking of AcAAKA. Each linker was dissolved in DMSO to 10 mM with AcAAKA in a 1:1
linker:peptide ratio with 1 eq. of DIEA. The mixture was incubated at room temperature for 1 hour. The mixture
was then diluted to 10 uM in 50:50 water:acetonitrile for analysis by negative ion mode tandem MS and with

0.1 % aqueous formic acid for analysis by positive ion mode tandem MS.

Cross-linking of hen egg lysozyme. Lysozyme was dissolved in PBS to a concentration of 1 mg/mL. The
relevant cross-linker was dissolved in DMSO (10 mM) and added to lysozyme solution at a ratio of 20:1
linker:lysozyme ratio. Protein was used for SDS-PAGE immediately or was buffer exchanged into ammonium

acetate (100 mM) using a 10 kDa MWCO Amicon Ultra-0.5 Centrifugal Filter Device (Millipore, Jaffrey, NH, USA).

Copper click reaction. The general procedure for CUAAC reactions was performed using a method
adapted from a protocol available from Broadpharm.3! Peptide/protein conjugated with azide/alkyne linker
(1mg/mL, 20 pL) was diluted with PBS (90 uL), followed by addition of aqueous solutions of 2.5 mM biotin-azide
(20 uL) or 2.5 mM Cy3-azide, 100 mM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (BTTAA, 10 pL; Click
Chemistry Tools, Scottsdale, AZ, USA), 20 mM copper sulfate (10 pL) and 300 mM sodium ascorbate (10 pL).The
reaction was incubated at room temperature for 30 min, then purified and concentrated into PBS (100 pL) using

a 10 kDA MWCO Amicon Ultra-0.5 Centrifugal Filter Device.

SDS—polyacrylamide gel electrophoresis. Lysozyme was cross-linked and examined by SDS-PAGE (12%
gels) (Bio-rad, Hercules, CA, USA). Bands were visualised using Coomassie Brilliant Blue stain (ThermoFisher,
Waltham, MA, USA) according to the manufacturer’s instructions. Fluorescence imaging was performed on a
ChemiDoc gel imagine system (Bio-rad) using an excitation wavelength of 553 nm and emission was measured

at 556 nm.
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Supplemetary Figure 1: MS/MS analysis of ACAAKA peptide cross-linked by compound 1 (m/z [M+H]*= 1038). Expected fragmentation
patterns were used to confirm the presence of the peptide-linker complex.
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Supplementary Figure 2. MALDI spectrum shows doubly charged (approximately 7100 m/z) and singly charged (14,200 m/z) lysozyme. The
protein is modified, increasing its mass, upon the covalent linkage with multiple cross-linkers.
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Characterisation Data
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(S)-methyl 6-azido-2-(5-(3-methyl-3H-diazirin-3-yl)pentanamido)hexanoate. *H NMR (500 MHz, CDCls):
§6.39 (d,J = 8.0 Hz, 1H), 4.46 (dt, J = 8.0, 5.4 Hz, 1H), 3.62 (s, 3H), 3.16 (dt, J = 6.7, 1.2 Hz, 2H), 2.08 (t, J = 7.5 Hz,
2H), 1.78-1.69 (m, 1H), 1.65-1.51 (m, 2H), 1.48 (m, 4H), 1.36-1.26 (m, 2H), 1.26-1.21 (m, 2H), 1.09-1.02 (m, 2H),
0.87 (s, 3H) ppm. 3C NMR: (125 MHz, CDCl3): 6 175.6, 174.9, 55.1, 54.4, 53.7, 38.8, 36.6, 34.7, 31.0, 28.3, 27.6,
26.3, 25.0, 22.5 ppm.
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(S)-6-azido-2-(5-(3-methyl-3H-diazirin-3-yl)pentanamido)hexanoic acid. 'H NMR (500 MHz, CDCl3): 6
9.95 (brs, 1H), 6.49 (d, J = 7.4 Hz, 1H), 4.54 (m, 1H), 3.24 (t, /= 6.8 Hz, 2H), 2.19 (t, / = 7.5 Hz, 2H), 1.90-1.84 (m,
1H), 1.72-1.69 (m, 1H), 1.62-1.54 (m, 4H), 1.43-1.38 (m, 2H), 1.33-1.30 (m, 2H), 1.16-1.10 (m, 2H), 0.94 (s, 3H)
ppm. BC NMR: (125 MHz, CDCl3): 6 177.8, 176.5, 54.7, 53.7, 38.7, 36.5, 34.2, 31.0, 28.4, 27.7, 26.1, 25.0, 22.4
ppm.

(S)-perfluorophenyl 6-azido-2-(5-(3-methyl-3H-diazirin-3-yl)pentanamido)hexanoate (8). HRMS (ESI+)
calculated for C19H21FsNeO3 [M+H]* = 476.1595, found [M+H]*: 477.1667.
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(S)-methyl 6-((1-methoxy-1-oxo-3-(prop-2-yn-1-yloxy)propan-2-yl)amino)-6-oxohexanoate. *H NMR
(500 MHz, CDCl3, §): 6.29 (d, J = 7.9 Hz, 1H), 4.79 (dt, J = 8.1, 3.1 Hz, 1H), 4.15 (dd, 2H), 3.97 (dd, J = 9.4, 3.1 Hz,
1H), 3.82 —3.74 (m, 4H), 3.67 (s, 3H), 2.46 (t, / = 2.4 Hz, 1H), 2.34 (t, J = 6.9 Hz, 2H), 2.28 (t, / = 6.4 Hz, 2H), 1.75
—1.61 (m, 4H). 3C NMR (125 MHz, CDCls, §): 174.0, 172.5, 170.7, 79.0, 75.3, 69.6, 58.7, 52.8, 52.4, 51.7, 36.1,

33.9, 25.1, 24.5.

o)

H 0
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(S)-6-((1-carboxy-2-(prop-2-yn-1-yloxy)ethyl)amino)-6-oxohexanoic acid. *H NMR (500 MHz, CD30D, 6):
4.63 (t,J=4.2 Hz, 1H), 4.18 (d, J = 2.4 Hz, 2H), 3.91 (dd, J = 9.6, 5.0 Hz, 1H), 3.79 (dd, J = 9.6, 3.6 Hz, 1H), 2.86 (t,
J=2.4 Hz, 1H), 2.31 (q, J = 7.0 Hz, 4H), 1.71 — 1.59 (m, 4H). 3C NMR (125 MHz, CDCl3, 8): 174.0, 172.5, 170.7,

79.0,75.3, 69.6, 58.7, 52.8, 52.4, 51.7, 36.1, 33.9.

(S5)-2,5-dioxopyrrolidin-1-yl 6-((1-((2,5-dioxopyrrolidin-1-yl)oxy)-1-oxo-3-(prop-2-yn-1-yloxy)propan-2-
yl)amino)-6-oxohexanoate (1). HRMS (ESI+) calculated for C20H23N3010 [M+Na]* = 488.1261, found [M+Na]*:

488.1271.
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(S)-7-((1-methoxy-1-oxo-3-(prop-2-yn-1-yloxy)propan-2-yl)Jamino)-7-oxoheptanoic acid. *H NMR (500
MHz, CD30D, §): 4.71 (dt, J =5.1, 3.7 Hz, 1H), 4.22 (dd, J = 2.4, 0.8 Hz, 2H), 3.95 (dd, J = 9.7, 5.1 Hz, 1H), 3.81 (dd,
1=9.7,3.8 Hz, 1H), 3.78 (s, 3H), 2.92 (t, ) = 2.4 Hz, 1H), 2.33 (q, ) = 7.4 Hz, 4H), 1.74 — 1.62 (m, 4H), 1.48 — 1.35
(m, 2H). 3C NMR (125 MHz, CD30D, &): 178.7, 177.5, 173.1, 81.3, 77.6, 71.3, 60.4, 55.2, 54.1, 37.6, 36.0, 30.9,

27.8,27.0.

(S)-7-((1-carboxy-2-(prop-2-yn-1-yloxy)ethyl)amino)-7-oxoheptanoic acid. *H NMR (500 MHz, CDsOD,
6): 4.64 (dt, J=5.0, 3.6 Hz, 1H), 4.19 (d, J = 2.4 Hz, 2H), 3.92 (dd, J = 9.6, 5.0 Hz, 1H), 3.80 (dd, J = 9.6, 3.7 Hz, 1H),
2.87 (t,J = 2.4 Hz, 1H), 2.30 (td, J = 7.5, 3.7 Hz, 4H), 1.92 — 1.83 (m, 4H), 1.64 (dp, J = 11.8, 7.5 Hz, 2H). 3C NMR
(125 MHgz, CDs0D, 6): 178.8, 177.4,174.3,81.4, 77.6, 71.5, 60.5, 55.1, 37.7, 36.0, 31.0, 27.8, 27.0.

(S)-2,5-dioxopyrrolidin-1-yl 7-((1-((2,5-dioxopyrrolidin-1-yl)oxy)-1-oxo-3-(prop-2-yn-1-yloxy)propan-2-
yl)amino)-7-oxoheptanoate (2). HRMS (ESI+) calculated for C21H2sN3010 [M+Na]* = 502.1438, found [M+Na]*:

502.1421.

4 O
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(5)-3-((3-((1-methoxy-1-oxo-3-(prop-2-yn-1-yloxy)propan-2-yl)Jamino)-3-
oxopropyl)disulfanyl)propanoic acid. *H NMR (500 MHz, CDs0D, §): 4.71 (dt, ) =5.1, 3.7 Hz, 1H), 4.22 (dd, ) = 2.4,
0.8 Hz, 2H), 3.95 (dd, J =9.7, 5.1 Hz, 1H), 3.81 (dd, J = 9.7, 3.8 Hz, 1H), 3.78 (s, 3H), 2.92 (t, J = 2.4 Hz, 1H), 2.33
(q,) = 7.4 Hz, 4H), 1.74 — 1.62 (m, 4H), 1.48 — 1.35 (m, 2H). 3C NMR (125 MHz, CD30D, 6): 178.7, 177.5, 173.1,
81.3,77.6,71.3,60.4,55.2,54.1, 37.6, 36.0, 30.9, 27.8, 27.0.
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(S)-2-(3-((2-carboxyethyl)disulfanyl)propanamido)-3-(prop-2-yn-1-yloxy)propanoic acid. *H NMR (500
MHz, CD30D, 6): 4.66 (t,J =4.2, 4.2 Hz, 1H), 4.19 (d, ) = 2.4 Hz, 2H), 3.94 (dd, J = 9.7, 4.8 Hz, 1H), 3.80 (dt, ] = 9.8,
2.8 Hz, 1H), 3.01 — 2.90 (m, 4H), 2.72 (tt, ] = 7.0, 3.2 Hz, 4H). *3C NMR (125 MHz, CDs0D, §): 176.7, 176.7, 175.1,
81.4,77.7,71.5, 60.5, 55.2, 37.5, 36.2, 36.1, 35.6.
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Hngsn M
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(S)-2,5-dioxopyrrolidin-1-yl 2-(3-((3-((2,5-dioxopyrrolidin-1-yl)oxy)-3-

oxopropyl)disulfanyl)propanamido)-3-(prop-2-yn-1-yloxy)propanoate (3). HRMS (ESI+) calculated for
C20H23N3010S2 [M+Na]* = 552.0723, found [M+Na]*: 552.0727

5-mercaptopentanoic acid

HS/\/\)J\OH

1H NMR (500 MHz, CDCls, §): 11.29 (s br, 1H), 2.59 — 2.51 (m, 2H), 2.38 (t, J = 7.1 Hz, 2H), 1.80 — 1.62
(m, 4H), 1.36 (td, J = 7.9, 1.1 Hz, 1H). All NMR data is consistent with literature.?®

5,5'-thiodipentanoic acid

Hom/\/\/s\/\/\n/OH

o] (6]

14 NMR (500 MHz, CDCls, 8): 2.54 (t, J = 7.2 Hz, 4H), 2.40 (t, ) = 7.2 Hz, 4H), 1.80 — 1.61 (m, 8H). 13C NMR
(125 MHz, CDCls, 8): 177.46, 36.02, 30.88, 27.00, 22.09. All NMR data as per literature?®
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(5)-5-((5-((1-methoxy-1-oxo-3-(prop-2-yn-1-yloxy)propan-2-yl)amino)-5-oxopentyl)thio)pentanoic acid.
'H NMR (500 MHz, CD3OD, §): 4.67 (dt, J = 3.60, 1.37 Hz, 1H), 4.18 (d, J = 2.4 Hz, 2H), 3.92 (dd, J = 9.7, 5.0 Hz,
1H), 3.77 (dd, J = 9.7, 3.8 Hz, 1H), 3.74 (s, 3H), 2.89 (t, J = 2.4 Hz, 1H), 2.59 — 2.51 (m, 4H), 2.31 (q, J = 7.3 Hz, 4H),
1.78 = 1.57 (m, 8H). 3C NMR (125 MHz, CDs0D, §): 178.3, 176.3, 175.9, 83.1, 81.5, 72.6, 61.7, 55.9, 55.9, 38.2,
37.1,34.6,34.6,32.5,32.4,28.3,27.7.

(S)-5-((5-((1-carboxy-2-(prop-2-yn-1-yloxy)ethyl)Jamino)-5-oxopentyl)thio)pentanoic acid. *H NMR (500
MHz, CD3OD, 8): 4.63 (t, J = 4.3 Hz, 1H), 4.19 (d, J = 2.4 Hz, 2H), 3.91 (dd, J = 9.6, 5.0 Hz, 1H), 3.80 (dd, J = 9.6, 3.6
Hz, 1H), 2.87 (t, ) = 2.5 Hz, 1H), 2.54 (t, J = 7.1 Hz, 4H), 2.31 (q, / = 6.8 Hz, 4H), 1.78 — 1.66 (m, 4H), 1.63 (ddt, J =
12.1, 7.7, 5.0 Hz, 4H). *3C NMR (125 MHz, CDs0D, 6): 178.3, 176.1, 175.4, 83.8, 81.5, 73.0, 61.7, 55.9, 38.3, 37.1,
34.6,34.6,32.5, 325, 28.4, 27.6.

o O
e | H
+
&'OWSMN\)LO'N
0 (e} 2 O
o \O/\

(5-(((S)-1-((2,5-dioxopyrrolidin-1-yl)oxy)-1-oxo-3-(prop-2-yn-1-yloxy)propan-2-yl)amino)-5-
oxopentyl)(5-((2,5-dioxopyrrolidin-1-yl)oxy)-5-oxopentyl)(methyl)sulfonium iodide (4). HRMS (ES+) calculated for
C25H34N3010S [M]* = 568.1959, found [M]*: 568.2037
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CHAPTER SIX

Conclusions and future directions

This thesis is based on the premise that there are diverse and often underutilised ways in which mass
spectrometry (MS) can be used to study the human proteome. Furthermore, the bioanalytical capabilities of MS
can be further enhanced when used in combination with the chemical modification of biomolecules, or
‘bioconjugation.” The development of these methods into viable research tools or clinical platforms requires
multidisciplinary expertise, access to specialised instrumentation and significant investments in time and
funding. Firstly, however, the design and synthesis of novel reagents, optimisation of efficient conjugation
reactions and development of effective data analysis workflows is required. The projects described here
illustrate some of the ways in which our research group has achieved these early steps towards establishing

novel strategies for the detection and analysis of pathologically significant proteins using various MS techniques.

An in-depth analysis of existing literature related to clinical MS revealed that immunoglobulins pose a
significant analytical challenge, owing to their high intact molecular weight and heterogeneity.? MS-cleavable
‘mass tags’ were introduced as a way of overcoming this problem, by substituting the direct detection of
biomarkers antibody-antigen complexes for smaller reporter ions, which can be tailored to produce ions within
optimum m/z ranges for standard MS instrumentation.>> We sought to further this approach by incorporating
more versatile chemistries into the design of mass tags for detecting antibodies using matrix-assisted laser
desorption/ionisation (MALDI) and electrospray ionisation (ESI)-MS. A logical approach to this task was to
include functional groups that can be used for ‘click chemistry’, which we hypothesised would provide a simple
and fast way of modifying the mass tag m/z with a synthetic peptide. We first demonstrated this strategy using
the archetypal click chemistry reaction, the copper-catalysed azide-alkyne cycloaddition (cuAAC, ‘copper click’).®
Using CuAAC, we were able to demonstrate the effective synthesis of mass tag bioconjugates and, importantly,

the detection of a cleaved peptide reporter ion from a biomarker-specific antibody using MALDI-MS.

Next, we decided to explore the application of a somewhat novel click reaction, the Diels-Alder
cycloaddition reaction between maleimides and pentafulvenes.” Unlike copper click, this reaction requires no
catalyst and leads to the formation of thermally reversible adducts, which we discovered also fragment
efficiently during both MALDI and ESI-MS analyses.? The concept of applying this type of chemistry for MS
immunoassays is unique, and we aim to further develop it into a platform for detecting biomarkers in clinical
samples. For both CuUAAC and Diels-Alder conjugates, conjugation to a synthetic peptide modified with an azide
or maleimide-modified amino acid, both of which can be easily incorporated into solid-phase peptide syntheses,
will enable easy modification of the cleaved peptide m/z.>° This feature is important because it means that
multiple labelled antibodies, with similar molecular weights but different mass tag m/z ratios, can be detected
simultaneously, and therefore addresses what we view as one of the major limitations of existing MS
immunoassay platforms. The next step is to develop a workflow for using labelled antibodies to detect antigens

in more complex samples and ultimately apply these reagents in more clinically relevant studies, which focus on
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the multiplexed detection of biomarkers in clinical samples. We also aim to further develop the design of these

linkers to include additional features, such as affinity groups for signal amplification.!

One of the main advantages of MS over other biomarker detection strategies is its ability to
differentiate between different protein isoforms. Bottom-up proteomics is a well-established and effective
method for achieving this; however, we hypothesised that this technique would be useful not only for identifying
naturally occurring modifications, such as oxidation, but also for investigating the reactivity of a novel
fluorophore developed by our collaborators (DPANzine) towards proteins.'? We employed a bottom-up
proteomics approach for identifying chemically modified amino acids in samples of myoglobin derivatised using
combinations of metal-catalysed oxidation, chemical labelling with DPANzine and chemical reduction using
sodium cyanoborohydride. The wide range of potential reaction products, coupled with a protein that is already
prone to various in vivo modifications, created a complex data set for which we were required to design a data
analysis workflow involving both targeted and open searches for multiple post-translational modifications. Using
this search strategy, we were able to assess the labelling specificity of DPANzine for carbonylated residues in
oxidised myoglobin. However, a major conclusion from this analysis was that multiple dynamic modifications
can lead to misassigned peptides and missed peptide spectra matches altogether.'®* To better understand
these results, we now aim to conduct MS analysis of purified peptides labelled with DPANzine so that we can
investigate the fragmentation mechanisms of this fluorophore, which might be preventing more efficient

detection for protein digests.?®

Lastly, the concept of chemical crosslinking, which involves the utilisation of a combination of
bioconjugation and bottom-up proteomics to investigate quaternary protein structures and protein-protein
interactions, is explored in a study aimed at developing a rational approach to reagent synthesis.*® We report
the synthesis of several novel reagents with various attributes designed to improve MS analysis of crosslinked
proteins, including MS-cleavable groups, affinity handles and several different combinations of biomolecule-
reactive moieties.'” Preliminary model studies demonstrated the utility of these compounds, although future
studies involving more complex systems, such as larger protein complexes or biological media will be the true
measure of their capabilities. Regardless, fundamental studies such as these important for validating crosslinking
workflows.'®%° This modular synthetic strategy will hopefully inform the design of new crosslinkers that address
some of the present limitations of crosslinking-MS, which are now centred around effective data analysis

methods for cross-linking data.'®

In summary, this thesis comprises a range of different methods for studying the complex chemistry and
interactions of proteins, by utilising chemical derivatisation and MS. A variety of different chemistries and MS
instrumentation were used to develop workflows for successfully analysing proteins at various levels of
complexity, from enabling targeted study of intact heterogenous proteins through labelling with MS-cleavable

reporters, to identifying unique chemical modifications of individual amino acids in complex protein mixtures.
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Appendix

Table Al. Carbonylated peptide spectrum matches identified from Sequest HT targeted search of unmodified myoglobin.

Annotated Sequence Modifications Charge m/z [Da] MH+ [Da] RT (min) XCorr
[K].HPGDFGADAQGAMtK.[A] T14(Thr->2-A3-KBA) 3 500.8892 1500.653 27.9416 3.74
[K].HPGDFGADAQGAMtK.[A] T14(Thr->2-A3-KBA) 3 500.8892 1500.653 28.4119 3.83
[K]. HPGDFGADAQGAMtK.[A] T14(Thr->2-A3-KBA) 2 750.83 1500.653 28.4193 3.55
[K].HPGDFGADAQGAMtK.[A] T14(Thr->2-A3-KBA) 3 500.8889 1500.652 28.4626 3.38
[K].HPGDFGADAQGAMtK.[A] T14(Thr->2-A3-KBA) 2 750.8296 1500.652 28.5932 2.1
[K].HPGDFGADAQGAMtK.[A] T14(Thr->2-A3-KBA) 3 500.8896 1500.654 28.8619 24
[K].HPGDFGADAQGAMtK.[A] T14(Thr->2-A3-KBA) 2 750.8304 1500.653 29.1787 2.78
[K]. HPGDFGADAQGAM!K.[A] T14(Thr->2-A3-KBA) 2 750.8301 1500.653 29.7698 2.46
[K].HPGDFGADAGGAMtK.[A] Q10(Deamidated); T14(Thr->2-A3-KBA) 3 501.2167 1501.636 28.1873 3.39
[K].HPGDFGADAqGAMtK.[A] Q10(Deamidated); T14(Thr->2-A3-KBA) 3 501.2167 1501.636 28.712 3.83
[K].HPGDFGADAGGAMtK.[A] Q10(Deamidated); T14(Thr->2-A3-KBA) 2 751.3234 1501.639 28.7228 2.24
[K].HPGDFGADAQGAMtK.[A] M13(Oxidation); T14(Thr->2-A3-KBA) 3 506.2209 1516.648 28.6834 2.77
[K].HPGDFGADAQGAmMtK.[A] M13(Oxidation); T14(Thr->2-A3-KBA) 3 506.221 1516.649 29.2557 3.86
[K].HPGDFGADAQGAmMtK.[A] M13(Oxidation); T14(Thr->2-A3-KBA) 2 758.8277 1516.648 29.2791 2.59
[K].HPGDFGADAQGAMTK.[A] P2(Oxidation); M13(Oxidation) 2 767.8326 1534.658 28.3539 2.11
[K].HPGDFGADAQGAMTk.[A] K15(Lys->Allysine) 2 751.3234 1501.639 28.7228 2.32
[K].HPGDFGADAQGAMTK.[A] K15(Lys->Allysine) 2 751.3234 1501.639 31.103 2.65

m/z, mass-to-charge ratio; Obs, molecular weight; Xcorr, cross correlation.

89



Table A2. Carbonylated peptide spectrum matches identified from Sequest HT targeted search of oxidised myoglobin.

Annotated Sequence Modifications Charge m/z [Da] MH+ [Da] RT (min) XCorr
[K].HGTVVLtALGGILKK.[K] T7(Thr->2-A3-KBA) 4 376.9865 1504.924 32.5559 4
[K].HGTVVLtALGGILKK.[K] T7(Thr->2-A3-KBA) 3 502.3127 1504.924 33.2549 2.98
[K].HGTVVLtALGGILKK.[K] T7(Thr->2-A3-KBA) 3 502.3142 1504.928 33.6908 3.07
[K].HGTVVLtALGGILK.[K] T7(Thr->2-A3-KBA) 2 688.9171 1376.827 34.0027 2.8
[K].HGtVVLtALGGILKK.[K] T3(Thr->2-A3-KBA); T7(Thr->2-A3-KBA) 3 501.6408 1502.908 31.8075 3.03
[K].HGtVVLTALGGILKK.[K] T3(Thr->2-A3-KBA) 4 376.9865 1504.924 32.5559 3.81
[K].HGtVVLTALGGILKK.[K] T3(Thr->2-A3-KBA) 3 502.3128 1504.924 32.811 4.2
[K].KGHHEAELKPLAQSHAtK.[H] T17(Thr->2-A3-KBA) 3 660.681 1980.029 32.1092 2.43
[R].LFTGHpEtLEK.[F] P6(Oxidation); T8(Thr->2-A3-KBA) 2 643.3261 1285.645 30.9579 2.09
[R].LFTGHpETLEK.[F] P6(Oxidation) 2 644.3334 1287.66 29.3343 3.21
[R].LFTGHpETLEK.[F] P6(Oxidation) 3 429.8905 1287.657 29.4181 2.41
[R].LFTGHpETLEK.[F] P6(Oxidation) 2 644.3329 1287.658 29.561 1.94
[R].LFTGHpETLEK.[F] P6(Oxidation) 3 429.8911 1287.659 29.6725 3
[R].LFTGHpETLEK.[F] P6(Oxidation) 2 644.3326 1287.658 29.7483 3.01
[R].LFTGHpPETLEK.[F] P6(Oxidation) 2 644.3329 1287.658 31.1526 2.06
[K].HKIpIK.[Y] P4(Oxidation) 2 376.2445 751.4816 26.5697 1.95
[K].KGHHEAELKpLAQSHATK.[H] P10(Oxidation) 3 666.6877 1998.049 27.2328 4.85
[K].KGHHEAELKpLAQSHATK.[H] P10(Oxidation) 5 400.4157 1998.049 27.2491 4.55
[K].KGHHEAELKPLAQSHATK.[H] K9(Lys->Allysine) 3 661.0169 1981.036 27.3109 3.39
[K].HLKTEAEmK.[A] K3(Lys->Allysine); M8(Oxidation) 2 551.2658 1101.524 27.1392 2.46
[K].HLKTEAEMK.[A] K3(Lys->Allysine) 2 543.2672 1085.527 28.1715 2.9
[K].VEADIAGHGQEVLIRLFTGHPETLEK.[F] K26(Lys->Allysine) 3 953.4966 2858.475 33.1486 2.73
[K].ALELFRNDIAAKYK.[E] K12(Lys->Allysine) 2 825.9458 1650.884 33.1492 3.5
[R].LFTGHPETLEKFDK.[F] K11(Lys->Allysine) 2 830.9168 1660.826 32.0946 3.88
[K].kHGtVVLTALGGILKK.[K] K1(Lys->Allysine); T4(Thr->2-A3-KBA) 3 544.6665 1631.985 33.1249 3.78

m/z, mass-to-charge ratio; Obs, molecular weight; Xcorr, cross correlation.
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Table B1. DPANzine-labelled peptide spectrum matches identified from Sequest HT targeted search of oxidised myoglobin incubated with fluorophore.

Annotated Sequence Modifications Charge m/z [Da] MH+ [Da] RT (min) XCorr

HGTVVLTALGGILkk K14(Lys-DPANzine); K15(Lys->Allysine) 3 589.0069 1765.006 34.3079 2.38

m/z, mass-to-charge ratio; Obs, molecular weight; Xcorr, cross correlation.

Table B2. Peptide spectrum matches identified from Sequest HT targeted search of oxidised myoglobin incubated with fluorophore.

Sample and treatment Annotated Sequence Modifications Charge m/z [Da] MH+ [Da] RT (min) XCorr
Oxidised myoglobin kHGTVVLTALGGILKK K1 (+259 Da) 3 632.0474 1894.128 34.4944 3.26
DPANzine-labelled unoxidised myoglobin kHGTVVLTALGGILKK K1 (+259 Da) 3 632.0476 1894.128 34.4988 2.49

DPANzine-labelled oxidised myoglobin KHGTVVLTALGGILKK K1 (+259 Da)) 3 632.0472 1894.127 34.5031 3.07

m/z, mass-to-charge ratio; Obs, molecular weight; Xcorr, cross correlation.
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Table C1. Mass shifts identified from Sequest HT error-tolerant search of unmodified myoglobin.

Sequence dM (corr) dM (raw) z m/z (Obs) M (Obs, z=0) M (Calc, z=0) RT (s) Xcorr
VEADIAGHGQEVLIR 252.0091984 252.0105236 3 620.2932731 1857.85799 1605.84747 1910.365 4.013017
HGTVVLTALGGILK 252.0124079 252.0137331 2 815.9313365 1629.84812 1377.83438 2127.691 3.14632
VEADIAGHGQEVLIR 252.0125078 252.013833 2 929.9379265 1857.8613 1605.84747 2010.179 3.091216
HPGDFGADAQGAMTK 252.0130638 252.014389 2 877.8454565 1753.67636 1501.66198 1875.806 2.583178
HGTVVLTALGGILKK 252.0132567 252.0145819 3 586.9885865 1757.94393 1505.92935 2105.28 3.035545
LFTGHPETLEK 252.0211191 252.0224443 2 762.3463765 1522.6782 1270.65575 2001.989 2.442958
VEADIAGHGQEVLIR 252.0322697 252.0335949 3 620.3009631 1857.88106 1605.84747 1887.316 4.382184
VEADIAGHGQEVLIR 324.1055119 324.1068371 3 644.3253798 1929.95431 1605.84747 1854.272 3.650994
LFTGHPETLEK 324.1058224 324.1071476 3 532.5949098 1594.7629 1270.65575 1777.776 2.65054
LFTGHPETLEK 324.1066904 324.1080156 2 798.3891615 1594.76377 1270.65575 1779.033 2.48584
VEADIAGHGQEVLIR 324.1074785 324.1088037 2 965.9854115 1929.95627 1605.84747 1857.866 2.797411
VEADIAGHGQEVLIR 324.1771062 324.1784314 3 644.3492431 1930.0259 1605.84747 1869.812 3.558236

dM, delta mass; corr, corrected; z, charge; m/z, mass-to-charge ratio; Obs, observed; M, molecular weight; calc, calculated; RT, retention time; Xcorr, cross correlation.
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Table C2. Mass shifts identified from Sequest HT error-tolerant search of DPANzine-labelled unoxidised myoglobin.

Sequence dM (corr) dM (raw) z m/z (Obs) M (Obs, z=0) M (Calc, z=0) RT (s) Xcorr
VEADIAGHGQEVLIR 206.123592 206.1249682 5 363.4017645 1811.97244 1605.84747 1751.68738 3.364408493
VEADIAGHGQEVLIR 206.1254804 206.1268566 3 604.9987165 1811.97432 1605.84747 1752.088849 2.356070995
VEADIAGHGQEVLIR 206.1260774 206.1274536 4 454.0010065 1811.97492 1605.84747 1754.625735 3.213564873
VEADIAGHGQEVLIR 206.1263215 206.1276977 4 454.001069 1811.97517 1605.84747 1743.920136 3.874533415
VEADIAGHGQEVLIR 206.127176 206.1285522 4 454.0012815 1811.97602 1605.84747 1759.429451 3.26649642
VEADIAGHGQEVLIR 252.0098799 252.0112561 3 620.2935165 1857.85872 1605.84747 1910.814606 3.798293114
HPGDFGADAQGAMTK 252.0141114 252.0154876 2 877.8460065 1753.67746 1501.66198 1878.58941 2.277663231
LFTGHPETLEK 252.0145983 252.0159745 2 762.3431415 1522.67173 1270.65575 2001.344833 2.45062089
VEADIAGHGQEVLIR 252.016363 252.0177392 2 929.9398815 1857.86521 1605.84747 2010.295501 2.956699133
LFTGHPETLEK 252.1191381 252.1205143 3 508.5993665 1522.77627 1270.65575 1791.60621 3.089152575
ALELFRNDIAAK 252.1533574 252.1547336 3 538.3092031 1611.90578 1359.75105 1932.253884 3.936362505
HGTVVLTALGGILKK 270.0978004 270.0991766 3 593.0167831 1776.02852 1505.92935 2067.947073 3.219680548
VEADIAGHGQEVLIR 270.1261518 270.127528 3 626.3322765 1875.975 1605.84747 2134.853388 3.686632872
LFTGHPETLEK 270.1265368 270.127913 2 771.3991065 1540.78366 1270.65575 2145.490391 2.072377443
LFTGHPETLEK 270.1275134 270.1288896 2 771.3995965 1540.78464 1270.65575 2128.668986 2.13303256
VEADIAGHGQEVLIR 270.1281794 ~ 270.1295556 2 ~ 938.9957865 ~ 1875.97702 ~ 1605.84747 2134.440924 ~ 2.758950949

dM, delta mass; corr, corrected; z, charge; m/z, mass-to-charge ratio; Obs, observed; M, molecular weight; calc, calculated; RT, retention time; Xcorr, cross correlation.
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Table C3. Mass shifts identified from Sequest HT error-tolerant search of DPANzine-labelled unoxidised myoglobin after treatment with sodium cyanoborohydride.

Sequence dM (corr) dM (raw) z m/z (Obs) M (Obs, z=0) M (Calc, z=0) RT (s) Xcorr

VEADIAGHGQEVLIR 215.073798 215.0765026 3 607.9819331 1820.92397 1605.84747 1965.499717 2.448675394
VEADIAGHGQEVLIR 215.0792912 215.0819958 3 607.9837631 1820.92946 1605.84747 1950.241187 2.341320038
VEADIAGHGQEVLIR 215.0809392 215.0836438 3 607.9843131 1820.93111 1605.84747 1937.156232 3.179379225
VEADIAGHGQEVLIR 215.0921086 215.0948132 3 607.9880365 1820.94228 1605.84747 1895.466451 4.046961308
HPGDFGADAQGAMTK 215.1258201 215.1285247 2 859.4025265 1716.7905 1501.66198 1732.204447 2.884992838
VEADIAGHGQEVLIR 220.0850285 220.0877331 3 609.6523431 1825.9352 1605.84747 1845.779839 3.07248497
HPGDFGADAQGAMTK 220.0862559 220.0889605 3 574.9242565 1721.75094 1501.66198 1765.086639 2.838758945
VEADIAGHGQEVLIR 220.087592 220.0902966 3 609.6531965 1825.93776 1605.84747 1857.399474 2.745932102
VEADIAGHGQEVLIR 220.089423 220.0921276 3 609.6538098 1825.9396 1605.84747 1834.627064 3.544759274
ALELFRNDIAAK 220.1296291 220.1323337 3 527.6350698 1579.88338 1359.75105 1931.032055 3.325678587
KGHHEAELKPLAQSHATK 323.9747413 323.9774459 4 577.2639765 2305.0268 1981.04936 1765.929801 5.197162628
LFTGHPETLEK 323.975184 323.9778886 2 798.3240965 1594.63364 1270.65575 2116.411214 2.345133781
LFTGHPETLEK 323.9760385 323.9787431 2 798.3245215 1594.63449 1270.65575 2026.256166 2.646345139
VEADIAGHGQEVLIR 323.9766911 323.9793957 3 644.2828965 1929.82686 1605.84747 2115.917495 3.958654165
VEADIAGHGQEVLIR ~324.1034001 ~324.1061047 3 ~ 644.3251331 ~ 1929.95357 ~1605.84747 ~ 1847.599192 ~2.929350853

dM, delta mass; corr, corrected; z, charge; m/z, mass-to-charge ratio; Obs, observed; M, molecular weight; calc, calculated; RT, retention time; Xcorr, cross correlation.
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Table C4. Mass shifts identified from Sequest HT error-tolerant search of oxidised myoglobin detected using DeltaMass.

Sequence dM (corr) dM (raw) z m/z (Obs) M (Obs, z=0) M (Calc, z=0) RT (s) Xcorr
HGTVVLTALGGILKK 210.072392 210.073725 3 573.0082998 1716.00307 1505.92935 2057.672 4.162907
HGTVVLTALGGILKK 210.074223 210.075556 3 573.0089098 1716.0049 1505.92935 2068.607 3.181268
VEADIAGHGQEVLIR 210.0752917 210.0766247 3 606.3153065 1815.92409 1605.84747 1905.145 3.182397
VEADIAGHGQEVLIR 210.0760241 210.0773571 3 606.3155531 1815.92483 1605.84747 1875.825 2.921164
VEADIAGHGQEVLIR 210.07932 210.080653 3 606.3166498 1815.92812 1605.84747 1915.726 4.362521
GHHEAELKPLAQSHATK 214.9958805 214.9972135 4 517.995179 2067.95161 1852.95439 1713.876 3.099591
KHGTVVLTALGGILKK 215.0042845 215.0056175 3 617.3505865 1849.02993 1634.02431 1985.749 3.96959
HGTVVLTALGGILKK 215.0048871 215.0062201 3 574.6524665 1720.93557 1505.92935 2043.697 3.788384
VEADIAGHGQEVLIR 215.0813952 215.0827282 3 607.9840098 1820.9302 1605.84747 1961.794 2.337988
VEADIAGHGQEVLIR 215.0841418 215.0854748 3 607.9849231 1820.93294 1605.84747 1934.458 4.448572
HPGDFGADAQGAMTK 215.1254827 215.1268157 2 859.4016715 1716.78879 1501.66198 1731.243 3.532392
HPGDFGADAQGAMTK 252.0058404 252.0071734 3 585.5636598 1753.66915 1501.66198 1877.492 2.30283
VEADIAGHGQEVLIR 252.0108386 252.0121716 3 620.2938231 1857.85964 1605.84747 2009.771 3.88346
HGTVVLTALGGILKK 252.0110516 252.0123846 3 586.9878531 1757.94173 1505.92935 2093.323 3.136762
HGTVVLTALGGILK 252.0124001 252.0137331 2 815.9313365 1629.84812 1377.83438 2128.941 2.647179
LFTGHPETLEK 252.0124443 252.0137773 2 762.3420415 1522.66953 1270.65575 2000.472 2.385062
VEADIAGHGQEVLIR 252.0130359 252.0143689 3 620.2945565 1857.86184 1605.84747 1909.673 3.844671
VEADIAGHGQEVLIR 252.0135986 252.0149316 2 929.9384765 1857.8624 1605.84747 2010.055 2.916556
HGTVVLTALGGILKK 252.0143475 252.0156805 3 586.9889531 1757.94503 1505.92935 2022.397 3.768145
HPGDFGADAQGAMTK 252.0164739 252.0178069 2 877.8471665 1753.67978 1501.66198 1876.547 2.754563
LFTGHPETLEK 252.118632 252.119965 3 508.5991831 1522.77572 1270.65575 1792.127 2.340642

dM, delta mass; corr, corrected; z, charge; m/z, mass-to-charge ratio; Obs, observed; M, molecular weight; calc, calculated; RT, retention time; Xcorr, cross correlation.
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Table C5. Mass shifts identified from Sequest HT error-tolerant search of DPANzine-labelled oxidised myoglobin detected using DeltaMass.

Sequence dM (corr) dM (raw) z m/z (Obs) M (Obs, z=0) M (Calc, z=0) RT (s) Xcorr
KHGTVVLTALGGILKK 207.8818903 207.8831809 3 614.9764398 1841.90749 1634.02431 2082.017 3.316782
KHGTVVLTALGGILK 207.8836661 207.8849567 2 857.9144265 1713.8143 1505.92935 2126.68 2.113276
VEADIAGHGQEVLIR 207.9828048 207.9840954 3 605.6177965 1813.83156 1605.84747 1926.929 3.575413
VEADIAGHGQEVLIR 207.98665 207.9879406 3 605.6190798 1813.83541 1605.84747 1916.304 3.759245
LFTGHPETLEK 207.9879505 207.9892411 2 740.3297715 1478.64499 1270.65575 1852.967 1.975107
HGTVVLTALGGILKK 213.1141824 213.115473 3 574.0222165 1719.04482 1505.92935 2005.228 3.041471
VEADIAGHGQEVLIR 213.1152511 213.1165417 3 607.3286131 1818.96401 1605.84747 1893.835 4.219291
VEADIAGHGQEVLIR 213.1152511 213.1165417 3 607.3286131 1818.96401 1605.84747 1893.909 4.27797
GHHEAELKPLAQSHATK 213.1233643 213.1246549 4 517.527039 2066.07905 1852.95439 1659.96 2.890634
HGTVVLTALGGILK 213.1479271 213.1492177 3 531.3351431 1590.9836 1377.83438 1945.603 3.172232
ALELFRNDIAAK 214.0819708 214.0832614 3 525.6187131 1573.83431 1359.75105 1931.156 2.707265
LFTGHPETLEK 214.0938026 214.0950932 3 495.9242231 1484.75084 1270.65575 1792.055 2.820765
GHHEAELKPLAQSHATK 214.1013917 214.1026823 4 517.7715465 2067.05708 1852.95439 1690.606 2.972081
HGTVVLTALGGILKK 214.1020364 214.103327 3 574.3514998 1720.03267 1505.92935 2064.118 4.144279
GHHEAELKPLAQSHATK 214.1101807 214.1114713 4 517.7737415 2067.06586 1852.95439 1710.619 3.187497
VEADIAGHGQEVLIR 220.0858932 220.0871838 3 609.6521598 1825.93465 1605.84747 1842.793 3.74226
VEADIAGHGQEVLIR 220.0868563 220.0881469 4 457.4911815 1825.93562 1605.84747 1844.349 2.721872
HPGDFGADAQGAMTK 220.0880361 220.0893267 3 574.9243765 1721.7513 1501.66198 1763.485 2.534413
VEADIAGHGQEVLIR 220.0904708 220.0917614 3 609.6536865 1825.93923 1605.84747 1832.284 3.183724
HGTVVLTALGGILKK 220.1183328 220.1196234 3 576.3569331 1726.04897 1505.92935 1964.467 4.032542
LFTGHPETLEK 241.9861195 241.9874101 2 757.3288565 1512.64316 1270.65575 1977.905 2.698889
HGTVVLTALGGILKK 241.9932107 241.9945013 3 583.6485598 1747.92385 1505.92935 2102.869 5.299643
HGTVVLTALGGILK 241.9940099 241.9953005 2 810.9221215 1619.82969 1377.83438 2132.992 3.825875
NDIAAKYKELGFQG 242.0233585 242.0246491 2 898.4138815 1794.81321 1552.78856 1935.536 2.857787
HGTVVLTALGGILKK 242.0512552 242.0525458 3 583.6679065 1747.98189 1505.92935 2035.482 3.745485
LFTGHPETLEK 251.9311878 251.9324784 2 762.3013915 1522.58823 1270.65575 2112.591 2.416169
HGTVVLTALGGILKK 252.0112771 252.0125677 3 586.9879165 1757.94192 1505.92935 2093.662 3.664014
LFTGHPETLEK 252.0128529 252.0141435 2 762.3422215 1522.66989 1270.65575 2000.203 2.124929
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VEADIAGHGQEVLIR
HGTVVLTALGGILK
VEADIAGHGQEVLIR
HPGDFGADAQGAMTK
ALELFRNDIAAK
HGTVVLTALGGILKK
LFTGHPETLEK
GHHEAELKPLAQSHATK
KGHHEAELKPLAQSHATK
VEADIAGHGQEVLIR
KGHHEAELKPLAQSHATK
HGTVVLTALGGILKK
GHHEAELKPLAQSHATK
HPGDFGADAQGAMTK
VEADIAGHGQEVLIR
VEADIAGHGQEVLIR
ALELFRNDIAAK
LFTGHPETLEK
LFTGHPETLEK
GHHEAELKPLAQSHATK
VEADIAGHGQEVLIR
KGHHEAELKPLAQSHATK
KGHHEAELKPLAQSHATK
KGHHEAELKPLAQSHATK
VEADIAGHGQEVLIR
KGHHEAELKPLAQSHATK
HGTVVLTALGGILK
LFTGHPETLEK
HGTVVLTALGGILKK
LFTGHPETLEK
HPGDFGADAQGAMTK

252.0132614
252.0145177
252.01535
252.0155398
252.1541754
266.0560159
266.0561878
266.0568495
266.0586748
266.0590988
266.0654021
266.0754251
270.0962647
270.1234499
270.1251388
270.1272885
270.128371
323.9740345
323.974889
323.9754151
323.9764572
323.9793291
323.9833098
324.100667
324.101152
324.1043426
324.1067284
324.1078712
324.108323
324.1090443
324.1116091

252.014552

252.0158083
252.0166406
252.0168304
252.155466

266.0573065
266.0574784
266.0581401
266.0599654
266.0603894
266.0666927
266.0767157
270.0975553
270.1247405
270.1264294
270.1285791
270.1296616
323.9753251
323.9761796
323.9767057
323.9777478
323.9806197
323.9846004
324.1019576
324.1024426
324.1056332
324.108019

324.1091618
324.1096136
324.1103349
324.1128997

N N W W W w w b W P W BB NN NN WOWN PPW W W P> WN W W NN DNN W

620.2946165
815.9323715
929.9393315
877.8466815
538.3094465
591.6694931
769.3638915
707.3447865
562.7846065
624.9765631
750.0459598
591.6759631
531.770264

886.9006365
626.3319098
938.9953015
815.9476315
798.3228165
798.3232415
545.2400515
644.2823498
577.2647715
769.3519298
577.295104

644.3239131
769.3922731
568.3214098
532.5955798
611.0202631
798.3903215
913.8947165
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1857.86202
1629.85019
1857.86411
1753.67881
1611.90651
1771.98665
1536.71323
2119.01253
2247.10932
1871.90786
2247.11605
1772.00606
2123.05195
1771.78672
1875.9739

1875.97605
1629.88071
1594.63108
1594.63193
2176.9311

1929.82522
2305.02998
2305.03396
2305.15131
1929.94991
2305.15499
1701.9424

1594.76491
1830.03896
1594.76609
1825.77488

1605.84747
1377.83438
1605.84747
1501.66198
1359.75105
1505.92935
1270.65575
1852.95439
1981.04936
1605.84747
1981.04936
1505.92935
1852.95439
1501.66198
1605.84747
1605.84747
1359.75105
1270.65575
1270.65575
1852.95439
1605.84747
1981.04936
1981.04936
1981.04936
1605.84747
1981.04936
1377.83438
1270.65575
1505.92935
1270.65575
1501.66198

1911.187
2129.399
2010.979
1878.604
1932.312
2116.015
1918.151
1717.11

1701.211
1960.886
1702.05

2062.321
1717.344
2107.652
2136.107
2135.447
2151.147
2116.235
2026.009
1809.946
2115.585
1762.252
1762.829
1640.011
1859.638
1639.716
2081.447
1783.086
1962.974
1783.196
1781.635

3.797593
3.972513
2.08727

2.68511

3.520358
4.833212
3.437925
2.335826
4.967408
4.739177
5.648095
3.830939
3.827969
2.095015
4.367565
2.44599

2.819663
2.201968
2.717435
2.65208

4.471684
6.453737
4.083819
3.800978
3.68951

2.55405

2.804563
2.658306
2.799631
2.829444
2.79812



dM, delta mass; corr, corrected; z, charge; m/z, mass-to-charge ratio; Obs, observed; M, molecular weight; calc, calculated; RT, retention time; Xcorr, cross correlation.
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