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Summary

DNA can be considered as a repository of genetic information, representing the framework from
which life occurs. RNA, on the other hand, is a tool to decode this information, transmitting
instructions and promoting the protein assembly. Proteins are, in turn, the executors of biological
function, playing a variety of roles. They are responsible for interpreting signals, catalyzing

biochemical reactions, promoting cellular trafficking, and maintaining cellular integrity.

Proteosynthesis is a highly energy-demanding process with limitations on the speed at which new
proteins can be formed. To maintain an adequate response in fast-changing conditions and
to efficiently modulate functions, organisms have evolved a sophisticated tool for orchestrating
protein activity. Post-translational modifications (PTMs) provide a way to fine-tune the processes
without expending the energy needs on new protein synthesis, ensuring dynamic and balanced

response to environmental challenges.

Complex interplay and crosstalk of different PTMs challenge the scientific community and
stimulate the discovery of new methods and protocols to study PTMs in living organisms while
ensuring the physiological integrity and relevance of obtained data. The so-called tubulin code is
a good representation of such complexity. The term refers to a plethora of modifications that occur
at the C-terminal tails of tubulins and regulate complex mechanisms of microtubule assembly,

trafficking along them, and supporting the integrity of different processes.

To unravel the tubulin code and explore its role in various physiological and pathological contexts,
the objective was to establish an approach for studying one of its PTMs, de-tyrosination.
De-tyrosination plays an important role in cell differentiation and maintaining cellular functionality.
It is especially important for the health of neurons and cardiomyocytes, and its dysregulation
causes major severe chronic conditions such as neurodegenerative disorders and

cardiomyopathies.?

The chemical approach to studying proteomics and PTM has proven to be effective.? As was
demonstrated by Schumacher et al. 2017, TTL enzyme catalyzing the addition of tyrosine to the
C-terminus of U-tubulin, has a broad substrate promiscuity.® Derivatives of tyrosine were shown to
incorporate into the structure of U-tubulin with different levels of efficiency. Among different tyrosine
derivatives, O-propargyl-L-tyrosine was of great interest. Bearing the terminal alkyne, the molecule

allows for further protein functionalization i an approach that has never been tested before.

To prove the concept of U-tubulin functionalization in vivo, the Tyr-O-Alk probe was synthesized

and tested in a model cell line (SH-SY5Y). The probe was proven to be non-toxic for the cells and



could be supplemented at higher concentrations. The implementation of the click reaction allowed
fluorescent labeling of the tubulin for cell imaging or gel-based analysis. The post-translational
incorporation of the probe was demonstrated by various in-gel analyses. The probe incorporation
was observed after inhibition of the ribosomal machinery with cycloheximide. Additionally, it was
successfully outcompeted by natural tyrosine in competition assays. With an in-house developed
SP2E protocol for enrichment analysis, we demonstrated that it was possible to evaluate
the relative abundance of the tubulin between different conditions.? It was shown on
neurogenin-inducible human-induced pluripotent stem cells (iNGNs) that the tyrosination rates
decrease during the differentiation of pluripotent cells into neurons.* This observation supports the
fact of the cumulation of de-tyrosinated microtubules in mature neurons. Moreover, the probe
facilitates the identification of specific U-tubulin isoforms, which has been problematic with
immunochemistry approaches having cross-reactivity problems.

During the course of the study, a screening platform for the identification of TTL inhibitors
was established for in vivo screening, which has significant advantages over in vitro assays. We
identify several potential TTL inhibitor candidates for further evaluation with orthogonal

approaches.

To further explore the possibility of the TTL enzymatic incorporation efficiency, the probe was
functionalized with a diazirine photo-cleavable group to promote photo cross-labeling of

the interaction proteins and pave the way for the analysis of protein-protein interactions (PPIs).

Rare or low-abundant PTMs become very challenging when it comes to their identification. Thus,
to support the general vector of the PTM study in the Kielkowski group, a clickable report tag was

developed, improving the identification rates during MS measurements and in-depth analysis.

The results of the study showed the potential of the approach and led the way for the exploration
of other tubulin-related PTMs, thus covering the entire scope of the tubulin code.



1. Introduction

1.1. The scope of post-translational modifications (PTMs)

Post-translational modifications (PTMs) serve as a sophisticated mechanism through which
the cell can modulate the function of proteins after translation. Unlike the fixed nature of DNA
sequence, PTMs introduce a new dynamic regulatory layer, enabling rapid response to internal
changes or external signals. Regulation of protein function is achieved through the incorporation
or removal of specific molecular groups from its structure, altering their activity, stability,

or localization.

The scope of all proteins within the cell is represented by the term fiproteomet and potentially
comprises millions of different proteoforms i various forms of proteins arising from a single gene.
However, only approximately 20000 genes are responsible for encoding proteins.®> Through
alternative splicing of the transcriptome, this number can expand to about 55000 alternatively
translated protein variants.® However, these numbers cannot explain the diversity of proteoforms
found in humans. The extensive variety of proteoforms can be explained by PTMs that expand
the functional repertoire of the genes, enhancing the complexity of the cell (see Figure 1). PTMs
range from small modifications, such as an addition of a phosphate group, to the cleavage of

peptide bonds or attachment of proteins like ubiquitin.”8
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Figure 1. The diversity of proteoforms. Schematic representation of the diversity of proteins caused by PTMs.
Created with_BioRender.com.

PTMs can cause conformational changes in proteins, altering their stability, activity, or interactions

with other proteins. Phosphorylation can activate or inhibit enzyme activity, thus influencing
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signaling pathways and cellular processes. For example, by phosphorylation of receptor tyrosine
kinase (RTK), the cell can rapidly change the signaling cascade, allowing for responding to

external stimuli such as growth factors or hormones.®

PTMs play a pivotal role in regulating metabolic pathways and genomic stability. As an example,
histone acetylation can influence gene expression by changing the structure of chromatin, thus
contributing to genomic control.?® Similarly, the modification of enzymes involved in metabolic
pathways can rapidly adjust metabolic exchange in response to changing cellular energy

demands.*!

PTMs can be attached to the structure of proteins in different ways. A regulated process
of enzymatic modification requires a special writer protein for the attachment of PTMs and
an eraser for its removal. Recognition of the specific PTMs is facilitated by reader enzymes,
such as CLIP-170 which can fireadd the sequence of the U-tubulin tail and specifically recognize
the i-EEY0 motif, thus controlling the dynamics of MTs enriched in tyrosinated U-tubulin.*? Protein

structure can be also modified non-enzymatically, e.g. due to oxidative stress.'?
1.2. Tubulin code

The tubulin protein family includes several types of tubulins, highly conserved alpha (U-) tubulin
and beta (b-) tubulin, and additional gamma (2-), delta (¢p-) and epsilon (U-) tubulin. The most
abundant tubulin fraction is composed of U-, and b-tubulin, serving as building blocks for
microtubules (MTs). o-tubulin acts as a nucleation site for microtubule polymerization, acting in
the formation of the microtubule-organizing center (MTOC).* Both g-tubulin and U-tubulin have

been involved in maintaining the function of centrosomes and basal bodies.®

The focus of the thesis is on the microtubulets building blocks, on U-, and b-tubulins. Tightly bound
together, they create a heterodimer that serves as an elemental unit for the microtubule assembly.
Dimers polymerize together through longitudinal interaction in a head-to-tail fashion to form
a microtubule filament, protofilament.’®* A combination of filaments, usually 13, bound together
through lateral interactions, creates a hollow tubular structure called a microtubule.!’” Head-to-tail
organization of tubulin heterodimers induces polarity along the microtubule lattice, creating
the plus-end (+ end) and minus-end (- end), navigating molecular transport along the microtubule,

affecting the growth and shrinkage of the MTs differently at their poles (see Figure 2).1
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Figure 2. Building blocks of microtubules. Representation of tubulin dimer, protofilament and MTs. Created with
BioRender.com.

Structures of U-tubulin and b-tubulin are highly conserved, especially in the N-terminal domain.
The structure of the protein can be divided into three parts: the N-terminal domain or
nucleotide-binding domain, the intermediate domain, and the C-terminal region.'® The N-terminal
and intermediate domains create a globular tubulin fibodyo, a genetically highly conserved part

participating in the MTs assembly.

In humans, there are 8 U-, and 10 b-isotypes (see Figure 3).*° These isotypes, while highly
conserved in their core regions, exhibit sequence variations primarily in their C-terminal region.

Such variability is responsible for MTs' diverse functional specificity.

The C-terminal region points outside of the MTs lattice, providing an interface for microtubule-
-associated protein (MAP) binding. It consists of two antiparallel helices and an unstructured
C-tail.’® The C-terminal tail (CTT) is the place of the highest sequence variability between isotypes
and a region for the majority of PTMs to occur. These PTMs can influence the interaction of tubulin
with MAPs, motor proteins, and other factors that regulate microtubule stability, dynamics, and
interactions.'® Being very diverse, the C-terminal region is responsible for the functionality of

microtubules and performing specific roles in cells.
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The structural properties of microtubules are highly affected by the presence of distinct tubulin
isotypes. The stability of MTs, their bending rigidity, and their response to depolymerizing agents
can change upon the incorporation of different isotypes.?®?? Consequently, the arrangement

of organelles and overall cellular architecture stability demonstrate isotype-specific behavior.??

Another area where tubulin isotypes and distinct PTMs have a significant impact is intracellular
transport, particularly in the context of motor proteins, such as kinesins and dyneins. Motor
proteins demonstrate a directional preference for vesicle transport along the MTs because of their
affinity for different PTMs.23:24

Moreover, the role of tubulin isotypes extends to the regulation of cell division, influencing
the assembly and stability of the mitotic spindle and affecting the segregation of chromosomes

during mitosis. Errors in isoform composition or PTMs can lead to tumorigenesis.?®

As previously mentioned, the tubulin C-tail undergoes a range of PTMs. Different combinations
of tubulin isoforms and their PTMs gave rise to the concept known as tubulin code
(see Figure 3).2! The tubulin code refers to specific patterns that affect MTsi dynamics and
interactions with fireadero proteins. These PTM-isoform patterns can be spatially separated
depending on the cellular compartment or location on MTs. They can also exhibit temporal
variability in response to specific stimuli. These spatial and temporal dimensions add another layer
of complexity to the tubulin code, enabling dynamic regulation of MTsj function. Furthermore, the
additional feature of the tubulin PTMs is the ability to cross-talking, allowing for fine-tuning of the

cellular processes in fast-changing conditions.?®
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Figure 3. The Tubulin Code. Representation of the tubulin PTMs, their fiwritero and oerasero enzymes with positions on
the amino acid sequence. Identification numbers of U-, and b-tubulin isoforms are depicted un the figure. Created with
BioRender.com.

1.3. De-tyrosination/tyrosination cycle

Removal of the last tyrosine from the C-terminal of U-tubulins was known as the first tubulin PTM
and was discovered in the year 1974.2” Enzymatic removal of the amino acid is catalyzed
by tubulin carboxy peptidases (TCPs). It was unknown which proteins act as TCPs and promote
the cleavage. In the year 2017, two groups using different strategies revealed that vasohibins
(VASH1/2) in synergy with small vasohibin-binding protein (SVBP) promote TCP activity.?¢2° Later,
in the year 2022, another de-tyrosinase, microtubule-associated tyrosine carboxypeptidase
(MATCAP) was discovered, explaining the fact of remained de-tyrosinase activity upon SVBP-KO
conditions.*® In contrast to TCPs, an enzyme catalyzing the addition of tyrosine, tubulin tyrosine
ligase (TTL) was purified from bovine brain tissues in 1977.3! TTL is part of a big protein family
with a TTL-homology domain. TTL-like (TTLL) enzymes catalyze the addition of glutamates

or glycines into the structure of tubulin.®?

Tubulins are transcribed with the terminal tyrosine as the last amino acid. Only two isoforms are
synthesized without tyrosine residue, TUBA4A ends with glutamate and TUBAS8 contains
phenylalanine instead of tyrosine.3 Newly synthesized U-tubulin bearing tyrosine on its C-terminus

enters the MTs polymerization-depolymerization cycle.
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When incorporated into the structure of MTs, tyrosine can be cleaved by TCPs, giving rise to
de-tyrosinated microtubules, which are considered to be a marker of stable microtubules.®*
However, de-tyrosination alone is not a reason for the stability of MTs.3 On the other hand,
de-tyrosinated tubulins can be further modified by cleavage of glutamate that follows the last
tyrosine, resulting in p2-tubulins. Such PTM is hon-reversible, which reduces the amount of tubulin
available for re-tyrosination and can be found only in very long-lived MTs.%® In general,
de-tyrosinated tubulin can be found in almost every type of MTs present in the cell, especially
abundant in axons, where stable MTs promote polarity; also, in the axonemal region of cilia and
flagella.®” Additionally, higher amounts of de-tyrosinated tubulins are characteristics of
differentiated cells, like neurons and cardiomyocytes, also playing an important role during

neuro-, and cardiogenesis.®

On the other hand, tyrosinated tubulin is a marker of labile or dynamic MTs and can be found in
cycling cells, where it plays an important role in the fast rearrangement of the microtubular
cytoskeleton by regulating the activity of depolymerizing motor mitotic centromere-associated
kinesin (MCAK), which is important in the anaphase of chromosome segregation.®>4° In contrast
to long-stable de-tyrosinated MTs with a half-time of 16 hours, tyrosinated MTs undergo fast
turnover with a half-time of 3-5 minutes.” Such behavior can be explained by the affinity of
depolymerizing kinesin KIF2A to tyrosinated MTs, while having no activity towards de-tyrosinated
MTs, further increasing their stability.*° In addition to cycling cells, higher rates of tyrosinated
tubulin are observed in the growth cone and in a distal end of an axon, where it plays an essential
role in packing retrograde vesicles by recruiting end-binding protein CLIP-170 and p150Glued
dynactin subunits (DCTN1).4142 With the CAP-Gly domain, these proteins can specifically
recognize the i-EEY0 motif in the CTT of U-tubulin and a few other end-binding proteins (EB1,
EB2) having the same motif in the C-terminus, and help to promote retrograde trafficking.*®

Furthermore, plus-end proteins promote microtubule-cell cortex interactions.**
1.4. Tubulin-tyrosine ligase (TTL)

The PTM writer introducing tyrosination, TTL is a part of a broader TTLL family, sharing the well-
conserved catalytic domain, including polyglutamylases and polyglycylases.**%¢ The structure of
TTL is composed of three domains, N-domain, central and C-domain, creating a catalytic active
site between the central and C-domain, engulfing an ATP molecule needed for the ligation.*” Apart
from ATP, Mg?* ions as well as K* ions are needed for the enzymatic reaction.! Despite having
a conserved catalytic domain, TTL promotes the ligation of tyrosine exclusively on the C-terminus

of U-tubulin. Such specificity in recognition of U-tubulinis tail comes from different factors. First,



the positively charged region starting in the ATP-binding site and going to the N-terminal domain
promotes interaction with the negatively charged tubulinis CTT, accompanying the last two
glutamate residues into a catalytic pocket.*” Moreover, the positioning of the tail is further
enhanced by interactions between tubulinis Glu441, Glu449 and diverse TTL residues, which hold
the tubulin tail in a specific position.*® As a consequence of such anchoring, the length of the
C-tail plays a crucial role, making it necessary to have the last two glutamates available for the
ligation. Such specific interaction explains the inability of TTL to re-ligate tyrosine in g2-tubulin,
which lacks one of the glutamates.?* The length of the C-tail, specific interactions with the TTL
docking site and the presence of two sequential glutamates are necessary for the re-tyrosination
of the C-terminus, also explaining the TTL discrimination between U-, and b-tubulin and its inability

to tyrosination of b-tubulin or any other protein.

TTL accepts only soluble, free tubulin fraction as a substrate for tyrosination. U-Tubulin
incorporated into the structure of MTs doesnit undergo tyrosination.*” Docking studies showed that
the bent conformation of a free tubulin heterodimer is beneficial for the TTL-tubulin interaction and
reactivity of the enzyme, whereas heterodimer incorporated into MTs is aligned into the straight
line, causing clashes between enzyme and tubulin interface. Moreover, a substantial part of the

binding region is blocked by lateral interactions between heterodimers in the structure of MTs.*®

To this date, no other protein tyrosinated by TTL has been identified, suggesting the exclusiveness
of the tyrosination attachment into the U-tubulin structure.! On the other hand, TTL demonstrates
high substrate flexibility, capable of incorporating tyrosine derivatives such as L-Dopa.*® Further
studies have shown the incorporation of 3-substituted tyrosine derivatives which were used for
various labeling techniques.’®%! In the study by Schumacher et al. 2017, TTLis substrate
promiscuity was further explored, uncovering broader range of substrates and revealing some
patters in it.®> The writer enzyme can largely incorporate amino acids bearing an aromatic group,
as evidenced by the incorporation of tryptophan or fluorescence tags such as coumarin amino
acid derivative and b-(1-azulenyl)-L-alanine. A particularly noteworthy achievement was
the incorporation of a tyrosine derivatized with biotin via a short ethylene glycol linker at position

3, expanding potential applications by exploiting TTLis promiscuity in chemical proteomics.?
1.5. Tubulin carboxypeptidases (TCPs)

Tubulin carboxypeptidase is a general name for the family of enzymes disconnecting the last
tyrosine residue from the U-tubulin sequence. Proteins processing de-tyrosination had not been
discovered until the year 2017 when the protein complex of VASH1/2 and SVBP was discovered

as the one promoting TCP reaction.?® The vasohibins were known as a negative regulator of



angiogenesis, which was proven in different disease models such as cancer, arterial stenosis, and
pulmonary diseases.>? Small vasohibin-binding protein is a chaperon-like protein providing
the stabilization of the complex, thus indirectly promoting the de-tyrosination activity of VASH1/2.
By treating the cell model with an irreversible inhibitor (apoY) while knocking-down the VASH1 or
SVBP, the level of the de-tyrosinated fraction was decreased by 75%. Among different
explanations of residual detyrosinated tubulins, an assumption of other proteins with TCP activity
was made.?® Indeed, an unstudied gene KIAA0895L was found as the strongest regulator of
de-tyrosination levels in a haploid study, and was renamed as microtubule-associated tyrosine
carboxypeptidase (MATCAP).2® While vasohibins represent the cysteine proteases family,
MATCAP binds Zn?* ions inside the reactive center, thus belonging to gluzincin metalloproteases.
Alongside different substrate recognition, different catalytic approaches create complementary
machinery for the de-tyrosination. In contrast to a post-natal death of TTL-KO mice, simultaneous
depletion of VASH1/2 and MATCAP led to reduced brain development and impaired behavior.®°-2

1.6. De-tyrosination cycle in the context of neurodegenerative diseases

De-tyrosination is an evolutionary very conserved PTM and has a huge impact on the functioning
of the cell and human organism. In the experiment on TTL-KO mice, a poor establishment of mice
cerebral cortex layers was identified, as well as underdeveloped connections between the
neocortex and the thalamus, the main parts of the cortico-thalamus loop.>® These abnormalities in
development were lethal for the mice litter. Neuronal cells derived from the post-natal TTL-KO

mice expressed abnormalities in the axonal formation.

Disruption of the tyrosination cycle can cause diverse pathological conditions and a detailed study
of the PTM is highly beneficial for better understanding the context of neurodegenerative disorders

and cancer.

Common for different types of neuropathies, abnormalities in the distribution of stable and dynamic
microtubules can lead to impaired synaptic plasticity, resulting in brain degeneration. It is also
crucial for axonal and dendritic trafficking since dysregulation affects motor proteins sensitive to

tyrosinated MTs.

For example, behavioral tests with heterozygous mice with one inactive TTL allele showed
a correlation with preclinical models of Alzheimer's disease in impairing short-term recognition
memory. Post-mortem tissue analysis revealed that reduced TTL activity and de-tyrosinated
tubulin cumulation affect the dendritic spine density, which is important for neuronal plasticity and
dysregulated in many neurological disorders. On the other hand, re-tyrosination of tubulins by

enhancing TTL expression protects synapses from amyloid-b-induced damage.>



An imbalance in the ratio of tyrosinated and de-tyrosinated MTs plays a crucial role not only in
the progression of neurodegenerative diseases but also in cardiomyopathies. An abnormal
cumulation of de-tyrosinated tubulin was demonstrated in a cat model of pressure overload-
-induced right ventricular hypertrophy. The observation corroborates with the findings in
the congestive heart failure model in rats. In human heart failure samples, elevated mRNA levels
of VASH1, as opposed to VASH2, were identified shedding light on the correlation between
de-tyrosination and heart failure conditions. By treating human-derived failing cardiomyocytes with

a TCP inhibitor parthenolide, it was possible to restore significant contractile function.!

Further investigating into the process of the de-tyrosination/tyrosination cycle could contribute to

novel therapeutic targets in heart diseases.
1.7. Methodologies for investigating de-tyrosination PTM

To understand the functional dynamics of de-tyrosination PTM and interactions with associated
proteins, as well as gain new insights about biological relevance in vivo, developing robust and
sensitive tools is of the highest interest and value. Given the complexity of modifications
introduced into C-tail by different PTMs and the number of isoforms present in the structure of
MTs, it is crucial to develop protocols and tools for the distinctive identification and analysis of
PTMs with a high degree of specificity and sensitivity. The primary challenge lies in the sequence
similarity among different tubulin isoforms, challenged with all possible combinations of PTMs
occurring in close proximity to each other. It means an approach should be designed in such
a way to be able to discriminate between closely related modifications. For instance, an antibody
against de-tyrosinated tubulin, without cross-reactivity towards tyrosinated or polyglutamylated
tubulin is critical in understanding the tyrosination cycle and is already in use by the scientific
community.>® Also, it is essential to develop a tool capable of distinguishing the interplay between

different PTMs occurring on the C-tail.

The study of de-tyrosination PTM started by using radioactive-labeled [**C]tyrosine, where its
incorporation into the soluble fraction of U-tubulin was shown.*® Nevertheless, special conditions
and equipment are needed to establish experiments with radioactivity. An alternative approach to

avoiding the use of radioactive material was in high demand.

After the successful integration of L-phenylalanine into the tubulin C-terminal, it became evident
that TTL is capable of accepting substrates that are structurally similar to tyrosine to a certain
degree.*® Subsequent experiments explored different tyrosine derivatives for their ability to
incorporate into the structure of tubulin C-terminus, for example, 3-iodotyrosine, revealing broader

substrate tolerance of TTL.%® Among other compounds that have been explored for the TTLis



substrate specificity were 3-substituted tyrosine derivatives such as 3-nitrotyrosine,
3-azidotyrosine, 3-formyltyrosine that was originally considered as potential inhibitors for TTL.
Particularly noteworthy was the incorporation of formyl-tyrosine into the tubulin structure.
It revealed the potential of the biorthogonal reactions by modifying incorporated formyl-tyrosine
with coumarin hydrazine via hydrazone reaction.>! High substrate tolerance of TTL has significant
implications, allowing for the derivatization of tubulin with various functional groups and study

de-tyrosination PTM.

The ability of TTL to site-specifically incorporate modified tyrosine into the structure of tubulin has
led to the development of the Tub-tag system approach as a protein ligation platform. It utilizes
the ability of TTL to recognize the tubulinis CTT sequence and attach tyrosine derivative to its
end.®” Although the system exploited the specificity of TTL as a component of a ligation platform,
it was evident from the study about the ability of TTL to incorporate 4-derivatized tyrosine i

Tyr-O-Alk and use it as a handler in biorthogonal click reaction.

Another method allowing for the study of different PTMs on tubulinis CTT used an elegant
approach of the split-intein technology for the ligation of the recombinant tubulin heterodimer with
the synthetic CTT bearing tailored polyglutamylation modification. The study revealed the
crosstalk between de-tyrosination and polyglutamylation, where long glutamate sidechains

enhanced the activity of TCPs, promoting de-tyrosination PTM.2¢
1.8. Chemical proteomics

Considering the amount of different biological processes acting within the cell, there is a need for
specific tools to study the physiological or pathological status of a protein, analyze its distribution
across cellular compartments or examine its specific interactions. The targeting and isolation of
proteins of interest from a complex mixture require using a combination of various techniques for
the isolation, separation and purification of the target protein, such as co-precipitation,
immunoprecipitation, column chromatography, and gel-based separation methods. While these

techniques are useful, they often lack physiological relevance.

To study proteins in their native environment with the possibility to target them directly for cell
imaging or subsequent pull-down analyses, an interdisciplinary blend of chemistry and biology can
offer a solution. Chemical proteomics is an approach of targeted protein labeling in their
physiological context, using an active probe that has an affinity towards the protein of interest. The
probe usually consists of a reactive group (reactive warhead) targeting the protein, a linker and a
tag, providing the probe with additional functionality.>® The interaction between the probe and the

protein can result in covalent or non-covalent bond formation. Probes that form covalent bonds
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with the proteins are referred to as activity-based probes (ABPS). If the reactive group of the probe
facilitates a high-affinity non-covalent bonding interaction with the protein of interest, such probes
are termed affinity-based probes (AfBPs).>® To enhance the interaction strength between an AfBP
and a protein, a photo-crosslinker may be installed into the structure of the probe near the affinity
group. The photo-crosslink moiety is activated by light to form a covalent bond between the probe

and the target protein.

Due to the advances in bioorthogonal chemistry, the reactive probe can be functionalized with
a minimalist tag, consisting of a small functional group such as alkyne or azide. Thus, the probe
doesnit significantly alter the structure of the studied protein, causing no perturbations of
the proteinis function. Moreover, it helps to overcome problems specific to high-molecular-weight
molecules, such as solubility problems, poor cell membrane permeability and non-specific binding.
Subsequently, by applying click chemistry, it is possible to functionalize modified peptides with

bigger molecules. Such a two-step method is called the tag-then-capture approach.®®

Another approach to protein tagging is to use the cellis innate enzymatic machinery. A substrate
bearing a bioorthogonal tag can be recognized by the writer enzyme and incorporated into the

structure of the protein, making it an invaluable tool for the study of PTMs.®!

The tagged protein then can be further functionalized with biotin or TAMRA fluorophore using the
click chemistry approach. One of the most prevalent biorthogonal reactions is a copper-catalyzed
azide-alkyne cycloaddition reaction (CUAAC). However, conditions of the CUAAC reaction might
lead to protein aggregation or side reactivity problems. Recent advances have improved the
reaction efficiency. For example, using proper ligands such as trimethylammonium trifluoroacetate
can reduce the required amount of toxic copper.®? Moreover, the formation of unspecific
thiotriazole by-products responsible for the background binding can be suppressed by adjusting

the reduction capacity of the reaction buffer.®3

Proteins functionalized with terminal alkyne can be further labeled with a fluorophore, such as
Tamra-azide, allowing for imaging of the proteins in fixed cells or fluorescent detection of proteins
after the separation of the lysates on SDS-Page coupled with subsequent immunochemical

evaluation.

The functionalization with biotin in turn allows for pulling-down the proteins of interest by
leveraging the biotin-avidin affinity. Recently reported methods that optimize the MS-sample
preparation of enriched biotin-tagged proteins have demonstrated value to the scientific
community, improving the isolation and analysis of biotinylated proteins and streamlining the whole

process (see Figure 4).264
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Figure 4. Chemical proteomics pipeline. POl T protein of interest. Created with_BioRender.com.

The advancement in mass spectrometry techniques and computational analysis contributed even

further to the chemical proteomics approach, enhancing the accuracy, robustness, and speed of

the identification of even low-abundant proteins. Improved computational capabilities and

algorithms for protein identification implemented alongside deep-learning functionality allowed for

the deconvolution of extremely complex spectra. Software tools like DIA-Umpire and DIA-NN can

predict the fragmentation patterns and retention values for the peptides and compare the in-silico

created library with the actual experimental data.®®® This, in turn, supported the implementation

of more advanced data acquisition methods in mass spectrometry, facilitating the capture of data
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even from low-abundant proteins. Unlike the data-dependent acquisition (DDA) method, the data-
independent acquisition (DIA) offers broader coverage of the analyte. Instead of collecting
information from the most abundant signals, the DIA method scans the entire mass range in small,
consecutive isolation windows, gathering information from all detectable precursors. The DIA
method does not overlook less abundant proteins because it does not rely on the precursorsi
intensities, ensuring a more complete dataset. It increases the protein coverage and reproducibility

compared to DDA, making it a good choice for in-depth proteome analysis.®’
1.9. Photo-reactive probes as a tool for probing protein-protein interactions

Protein identification and the evaluation of the proteome offer a solid basis for studying protein
functions. However, the investigation of protein interactions provides valuable insight into
the mechanism of action and the dynamic nature of proteins. The study of protein-protein
interactions (PPI) yields the formation of the complex map of protein interactions, which is known
as interactome.®® Among different methods of PPI analysis, such as affinity purification, mild
immunoprecipitation techniques or chemical cross-linking, photo-affinity labeling (PAL) is
particularly noteworthy. The PAL approach provides the tool for the spatio-selective cross-linking
of the protein of interest (POI). In contrast to the chemical cross-linking approach, PAL overcomes
the issue of excessive reactivity and formation of the secondary interactions that challenge the
evaluation of interactome.®® The targeted reactivity of PAL probes provides a strong tool for
targeting PPIs with high specificity. Photoirradiation triggers the formation of the reactive species
which react with proteins in close proximity, creating a covalent bond between the protein and its

POL.7° Functional groups used for PAL include benzophenone, aryl azide and diazirine.™

The synthetic protocols for diazirines are indeed versatile.”? The canonical pathway for diazirines
was established in the last century, involving the treatment of a ketone with liquid ammonia to
generate an imine and followed by the addition of amination reagents like HOSA or chloramine to
promote the intramolecular cyclization into diaziridine group.” Subsequently, diaziridine
undergoes oxidation to yield diazirine. Various oxidative reagents can be used to transform
diaziridines into diazirines. Among them are freshly prepared silver(l) oxide and molecular iodine
in the presence of EtsN or H¢ nigis base or using DMSO/oxalyl chloride mixture (Swern oxidation)

(see Figure 5).747®
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Figure 5. Approach into diazirines. Canonical two-step approach to diazirine synthesis. Created with_BioRender.com.

The canonical approach and its variations are known to be time-consuming and require changes
in reaction conditions and/or isolation of intermediates.” Although there are different synthetic
approaches to aliphatic diazirines, the main goal was to establish a robust protocol avoiding
extreme conditions that require special equipment, such as running a reaction in liquid ammonia

or using strong bases.”®"’

Over the years, attempts to develop alternative routes to diazirines have been made to overcome
the problems. It was shown, for example, that a strong base such as t-BuOK can increase the rate
of diazirine formation in a one-pot reaction condition.”” Later, the protocol was further optimized to
avoid using flammable t-BuOK, suggesting KOH as a substitute. Despite the slightly lower
efficiency of KOH in comparison to t-BuOK, the benefits of using an easier-to-handle base
compensate for the slightly lower yields. Unfortunately, the base-mediated one-pot synthesis
requires a higher concentration of ammonia thus making less concentrated methanolic ammonia

unsuitable for the reaction conditions we pursued.”’

Another one-pot synthesis of aliphatic diazirines from ketones in the presence of t-butyl
hypochlorite was reported.” The protocol avoids using liqguid ammonia as the amination source
and suggests methanolic ammonia instead. The reaction runs in the presence of t-butyl
hypochlorite which facilitates both the formation of diaziridine and its subsequent oxidation into
diazirine. Preparation of t-BuOCI from the sodium hypochlorite is straightforward and the t-BuOCI
solution can be stored in the fridge for a longer time. Compared to the classic approach
the protocol provides a faster route to diazirines with much higher vyields. The proposed
mechanism suggests the formation of chloroketimine catalyzed by the first portion of t-BuOCI,
which in turn reacts with free ammonia forming diaziridine. After removing unreacted ammonia
from the reaction mixture, the second portion of the hypochlorite oxidates diaziridine into diazirine

(see Figure 6).7®
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Figure 6. Approach into diazirines. One-pot synthesis of diazirines in the presence of tert-butyl hypochlorite. Created
with_BioRender.com.

1.10. MS reporters

Chemical proteomics provides a comprehensive set of tools for protein identification, visualization
and analysis. However, major complications emerge when it comes to quantification of
the identified proteins. Different factors contribute to a bias in the signal intensity measured by MS
and affect the reliability of protein quantification. For example, the ionization efficiency of
the peptide depends on its sequence and is additionally affected by specific modifications and
fragmentation patters of the peptide ions.”® Also, highly abundant proteins may mask the presence

of low-abundant on a detector caused by its limited dynamic range.®

The quantification problem might be overcome by sampling the analyte with the internal standard,
differentiated from sample peptides by a mass shift, often achieved by labeling peptides with
isotope-coded affinity tags (ICAT).8! The relative signal intensities between sample peptides and
the internal standard represent their relative concentrations. However, the difference in the mass
between tagged peptide pairs changes the physicochemical characteristics of the peptides,
leading to different elution profiles, which is critical for accurate ion current integration.®? Moreover,
the mass difference may affect the charge states of tagged pair peptides, potentially decreasing

the reliability of the quantification.

The challenges in relative protein quantification were improved with the implementation of
the isobaric tagging technique. Protein mixtures are functionalized with isobaric tags, meaning
they are equal in mass but generate distinct diagnostic ion peaks upon MS/MS fragmentation.
Pairs of analyzed peptides are co-eluted and give one signal in MS1 spectra upon ionization.
Subsequent fragmentation of the selected MS1 ion releases diagnostic peaks enabling precise

relative peptide quantification. Among them, for example, are tandem mass tags (TMT) and
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isobaric tag for absolute and relative quantification (iTRAQ) (see Figure 7).828 All reagents allow

for the multiplexing of samples, enabling simultaneous analysis of 4 to 16 samples depending on

the tag.
TMT-tag iTRAQ-tag
Isobaric tag NHS-ester Isobaric tag NHS-ester
4 T /_H/_/T
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m/z = 131.1444
Figure 7. Isobaric tags. The structure of TMT and iTRAQ tags with diagnostic peaks. Created with_BioRender.com.

The quantification quality depends on the tagis ability for fragmentation, which in turn correlates
with the intensity of the diagnostic peak. To improve the sensitivity of the quantification, one can
improve the structure of the cleavable functional group. The introduction of the sulfoxide tag (SOT)

attempted to address these issues.?
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2. Aim of the thesis

Post-translational modifications serve as a fine-tuning mechanism to maintain cellular
homeostasis and provide the means of fast response to external signals or inner stimuli without
the need for protein neosynthesis. Although different approaches have been developed to study
proteomics, the scientific community still lacks the proper instrument to study PTMs in their native,
physiological context, where the interplay of many cellular processes challenges in vivo analysis.
There is a need for innovative tools and methodologies that can directly probe various PTMs within

living cells to monitor their dynamics.

Central to the thesis research was an exploration of the tubulin code, with a particular focus on
de-tyrosination/tyrosination PTM i a modification specific for U-tubulin, playing an important role

in cell differentiation and its functioning.

The aim of the thesis was to develop a robust, high-throughput mass spectrometry-based
proteoform analysis method enabling the in vivo characterization of tubulin de-tyrosination,
helping to elucidate functional dynamics and principles of the modification.

The high promiscuity of the TTL enzyme which catalyzes the addition of tyrosine on the tubulinis
C-terminal, facilitated the incorporation of the tyrosine derivatives into the U-tubulin structure.
In this research, a novel tyrosine probe bearing an alkyne group was synthesized to monitor
the tyrosination profiling in living cells. This approach aimed to validate the feasibility of
enzymatical tubulin labeling with a modified amino acid, paving the way for the application of

chemical proteomics tools.

Apart from validating the concept of studying the tubulin code employing the cellis enzymatic
machinery, the thesis also aimed to provide examples of its applicability in related areas.
The method of U-tubulin labeling with the probe demonstrated its potential in establishing a high-
-throughput pipeline for screening potential TTL inhibitors. The approach benefits from the use of
living cells for screening, providing valuable insights into the toxicity, permeability, and effective

concentration of potential inhibitors.

Attempts to map the interactors of tyrosinated U-tubulin were made. A bifunctional tyrosine probe
with diazirine and alkyne functional groups was synthesized and shown to be successfully
incorporated into the structure of U-tubulin. Diazirine functionality provides the cross-linking
reactivity, while the alkyne group is used for the subsequent steps in the chemical proteomics

pipeline and in-depth analysis.

Indeed, the success of the enzymatic labeling approach could pave the way for its application in

studying other tubulin-related PTMs, such as polyglutamylation or polyglycylation, thereby
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covering the scope of all tubulin code PTMs and expanding the toolkit available for their

investigation.
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3. Published work

3.1. Clickable report tags for identification of modified peptides by mass

spectrometry?®®

Makarov, D.; Telek, A.; Becker, T.; Von Wrisberg, M.; Schneider, S.; Kielkowski, P. Clickable
Report Tags for Identification of Modified Peptides by Mass Spectrometry. J Mass Spectrom 2022,
57 (3), e4812. https://doi.org/10.1002/jms.4812.

Prologue

The challenge in identifying low-abundant PTMs requires an efficient tool for improving the
accuracy of the search algorithm in the identification and annotation of complex spectra generated
by MS analysis. Alongside enrichment techniques resulting in the concentration of the protein of
interest in the analyte, improvement can also be achieved in MS measurement and subsequent
identification of the proteins by search engines. The current publication aimed to develop
a complementary approach for the characterization and identification of rare PTMs by mass

spectrometry, taking inspiration from the field of isobaric labeling.

To address this, clickable report tags were synthesized to functionalize rare PTMs, facilitating their
detection. The structures of the two probes were inspired by TMT family tags and SOT.88* The
tag is characterized by a functional group that yields characteristic ion peak upon fragmentation
and contains an azide group allowing for the bioorthogonal reaction with the proteins
functionalized with the terminal alkyne. The azide group in the structure of the probes is the major
difference compared to canonical TMT and SOT probes. Instead of labeling reactive amines with
the NHS-ester group, the newly synthesized tags allow for the targeted functionalization of

the proteins labeled with terminal alkyne.

A set of experiments was conducted on the model protein (BSA) and in complex cell lysates,
validating the effectiveness of the probes. Indeed, by fine-tuning search engines for the search of
diagnostic ions generated by the clickable tags, improved identification rates were achieved. The
publication provides comprehensive comparison data between two probes and evaluates their

efficiency in protein identification as well as in PTM site identification.
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1 | INTRODUCTION

Abstract

The identification and quantification of modified peptides are critical for the func-
tional characterization of post-translational protein modifications (PTMs) to elucidate
their biological function. Nowadays, quantitative mass spectrometry coupled with
various bioinformatic pipelines has been successfully used for the determination of a
wide range of PTMs. However, direct characterization of low abundant protein PTMs
in bottom-up proteomic workflow remains challenging. Here, we present the synthe-
sis and evaluation of tandem mass spectrometry tags (TMT) which are introduced via
click-chemistry into peptides bearing alkyne handles. The fragmentation properties
of the two mass tags were validated and used for screening in a model system and
analysis of AMPylated proteins. The presented tags provide a valuable tool for diag-
nostic peak generation to increase confidence in the identification of modified pep-
tides and potentially for direct peptide-PTM quantification from various experimental

conditions.

KEYWORDS
AMPylation, chemical proteomics, MS-tags, protein post-translational modifications, reporter
ions

that would yield a reporter ion upon MS/MS fragmentation and thus
improve the site identification rates.°~** So far, isobaric labeling has

Post-translational protein modifications play a critical role in many cel-
lular functions.* This creates numerous PTM proteins or so-called
proteoforms, which largely exceed the number of encoded genes and
generates an extraordinary diversity of protein properties.? However,
techniques to confidently quantify and identify the site of modifica-
tion are missing. This is, in particular, a challenging issue for low abun-
dant and unstable PTMs such as AMPylation.>=® Although the number
of available linkers for enrichment complemented by various chemical
proteomic approaches is quite large, there is a vacancy of the linker

Dmytro Makarov and Andrés Telek contributed equally.

been mainly used for protein quantification in bottom-up proteo-
mics.'? The large-scale employment of mass spectrometry-based pro-
teomics has taken off. The isobaric strategies have allowed for the
multiplication of the sample's measurement to minimize the measure-
ment time while providing precise quantification of proteins prepared
under different conditions. In parallel, chemical proteomic strategies
have been utilized for the identification of PTM proteins using small
compound PTM analogs containing an alkyne handle that allows the

13-18 |t remained

downstream enrichment of the modified proteins.
challenging to quantify and compare PTM stoichiometry between

conditions because modified and unmodified peptides displayed
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different ionization properties. Furthermore, different total protein
amounts, as well as shifted retention times during LC separation, con-
tribute to the abovementioned problems.*®2° Here, we report the syn-
thesis of two MS-tags conjugated to alkyne-modified proteins via click
chemistry, which produce a reporter ion upon fragmentation in proof-
of-concept experiments. The reporter ions are then used to improve
the identification of the modified peptides by the search algorithms.

2 | RESULTS

Based on the structure of commercially available TMT-tag and
the recently reported sulfoxide-containing MS-tag, we have designed
and synthesized two novel MS-tags?*?? The presented
2,6-dimethylpiperidine-based (DMP) and sulfoxide-containing (SOX)
tags contain azido group for bioorthogonal Cu(l)-catalyzed azide-
alkyne cycloaddition (CUAAC) with alkyne-modified peptides or pro-
teins. Thus, the two new MS-tags enable selective labeling of modified
peptides for MS analysis, in contrast to the original TMT-tag reagent
bearing an N-hydroxysuccinimide ester (NHS) group to react with all
available primary amines within the protein sample (Figure 1).*8
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FIGURE 1  (A,B) Structure of the DMP- and SOX-tag with
characteristic reporter ion masses. (C) Overall strategy to identify
modified peptides in complex samples using the DMP- and SOX-tag

The study has been initiated by the synthesis of two new MS-tags
(Figure 2). First, the DMP-tag containing 2,6-dimethylpiperidine was
prepared from the carboxylic acid derivative 1 by HATU catalyzed
amide coupling with 2-azidoethylamine, yielding after 3 days the
desired DMP-tag at a 63% yield. Next, the synthesis of the sulfoxide-
based tag was carried out in a total of five steps. In brief, the synthesis
starts with nucleophilic substitution of ethyl bromoacetate with
3-mercaptopropanol, followed by activation of the hydroxyl group by
tosylation (2) and subsequent conversion to azide 3 to equip the linker
of the MS-tag with moiety suitable for click chemistry. Even though
hydrolysis of the ester was a side reaction during nucleophilic substi-
tution, obtained acid 3 was used in 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and hydroxybenzotriazole (HOBt) catalyzed amide
coupling giving compound 4, which was oxidized by mCPBA to the
final SOX-tag. Although all the steps provided moderate to good
yields, the final oxidation showed a somewhat lower yield of 17% cau-
sed by side reactions and instability during purification. Both reagents
DMP- and SOX-tags show good stability when stored as ready-to-use
solutions in DMSO at 20 C.

To explore in detail the fragmentation properties of the DMP-
and SOX-tags, we have established a model protein-PTM system in
which the free thiol of the cysteine residue C58 of bovine serum
albumin (BSA) was modified with the cysteine reactive probe
IA-alkyne, which contains a terminal alkyne (Figure 3). The alkyne
decorated BSA resembles the protein PTM isolated from cells treated
with an alkyne-containing probe, which is common in chemical
proteomic workflows that aim to map protein PTMs *%1823-25 The
alkyne-modified BSA was further decorated with either DMP- or
SOX-tag using the CUAAC. Next, the BSA was proteolytically cleaved
by chymotrypsin, and the resulting peptide mixtures were desalted on
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FIGURE 2 (A) Synthetic approach to DMP-tag (a) 2-azidoethan-
1-amine, EDC, HOBt, DIPEA, DMF, r.t., 72 h, 63%. (B) Synthesis of
the SOX-tag. (a) NaN3, EtOH, 95 C, 18 h, 60%. (b) N*,N*-
dimethylethane-1,2-diamine, EDC, HOBt, DIPEA, DCM, r.t., 18 h,
55%. (c) mCPBA, H,O, r.t, 1.5 h, 17%
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FIGURE 3

C18 columns and analyzed by direct injection into the Orbitrap Eclipse
Tribrid mass spectrometer with high-field asymmetric waveform ion
mobility spectrometry (FAIMS) introduced between the ion source
and the Eclipse mass spectrometer.?® We have started with an analy-
sis of the DMP-tag modified BSA and the resulting DMP-tagged
peptide LQQC (dmp)PF and its missed cleavage peptide LQQC (dmp)
DEHVKLVNELTEF where dmp refers to the attached DMP-tag. Step-
wise optimization of the FAIMs compensation voltage (CV) provided
suitable conditions at 50 CV to acquire the MS1 spectra and select
the target ions for the MS? experiment. To identify the suitable condi-
tion for the generation of the MS? spectra, with particular focus on
the intensity of the reporter ion at 126.1277 m/z, resulting from the
fragmentation of the DMP-tag, the higher-energy C-trap dissociation
(HCD) energy has been gradually increased. Optimization has revealed
that the most effective cleavage occurs at 30 V. A complementary
set of experiments has been performed with the electron-transfer
dissociation (ETD) fragmentation technique, showing a somewhat
lower intensity of the corresponding reporter ion at 114.1275 m/z
(Figure S1). In parallel, the fragmentation properties of the SOX-tag
were assessed to show the anticipated reporter ion at 179.0846 m/z
using HCD fragmentation. However, it surprisingly produced a com-
plementary reporter ion at 131.1178 m/z as a major fragment upon
ETD fragmentation (Figure S2). For both the DMP-tag and SOX-tag,
better fragmentation was observed for species with higher charge
peptide precursor ions. Measurement of the negative control, the BSA
peptides, which were not modified with the DMP-tag or SOX-tag, but
only with IA-alkyne, confirmed the specificity of all reporter ions
(Figure S3).

Having characterized the fragmentation properties of the DMP-
and SOX-tag in our model system, we have continued to test the
possibility of using these MS-tags for the identification of modified
peptides on the whole proteome level. For this, Hela cells lysate was
treated with 1A-alkyne and further reacted with the DMP- or SOX-tag
using click chemistry. Subsequently, the labeled proteome was ace-
tone precipitated, trypsin digested and measured by LC-MS/MS using

600 800 1000 1200
m/z

200 400 600 800 1000 1200
m/z

Proof-of-concept experiments with the BSA model system and the DMP- and SOX-tags

the 2 h gradient with alternating FAIMS CV voltages between 50
and 70 V. The MS? has been acquired in the orbitrap, m/z range was
adjusted to span from 110 to 1100 m/z and HCD fragmentation set
to 30 V.27 Next, MaxQuant searched the resulting spectra for the
peptides modified with cysteine reactive probe and labeled with the
DMP- or SOX-tag. The reporter ions were set up as diagnostic peaks.
From the single run, MaxQuant identified an overall 10 802 peptides
in the DMP-tag sample (Table S1). Among the total number of pep-
tides, 3578 were modified with more than 99% of all MS? spectra
containing the corresponding diagnostic peak of the DMP-tag
(Figure 4A). In comparison, MSFragger search has found on average
18 673 peptides and 4783 modified peptides. SOX-label showed
somewhat lower numbers with MaxQuant finding in total 14 601
peptides and 1992 modified peptides again with more than 99% con-
taining the SOX-tag reporter ions, and again higher numbers resulted
from the MSFragger search—17 380 peptides and 2916 modified pep-
tides showing the efficiency of the offset search (Table S2). The aver-
age site identification probability for both tags with high-resolution
MS? is over 99%. For comparison, the samples have been measured
using the low-resolution ion trap MS? acquisition as well (Figure S4).
This led to a significant increase in the total number of identified pep-
tides but lower number of DMP-modified peptides (2325) and SOX-
modified peptides (1550; both calculated with MaxQuant). This obser-
vation is in line with previously reported improvement of modified
peptide identification rates by the high-resolution MS? spectra and
demonstrates the feasibility of our approach compatible with a wide
range of MS measurement setups.?® Moreover, the identified DMP-
modified peptides using the low-resolution MS? might contain inter-
fering reporter ions at 126.0913 m/z from acetylated lysine.®
Together, the application of the DMP- and SOX-tag with I1A-alkyne in
the proof-of-principle experiments show the high efficiency of the
reporter ion release, which opens a way for relative quantification of
modified peptides between various experimental conditions when
used with isotopically labeled tags. However, the absolute quantifica-
tion of modified peptides would need to be determined for each
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FIGURE 4  Analysis of cysteine DMP- and SOX-labeling on whole proteome level and Rab1lb AMPylation with DMP-tag. (A) Total peptides
and modified peptides found by MaxQuant in the DMP- and SOX-tag labeled cysteines using high-resolution MS? acquired in orbitrap.

(B) Fragmentation properties of DMP-labeled AMPylated peptide from Rablb. (C) Comparison of the MaxQuant and MSFragger search fidelity
using the spiked in unnatural N®-propargyl AMPylated peptide from Rablb

application because of its dependence on the used chemical proteo-
mic probe, its metabolic incorporation rate or reactivity and CuAAC
efficiency.

Encouraged by the results, we focused on our better performing
DMP-tag to study protein AMPylation. First, in an in vitro reaction
of the well-described pair of AMP-transferase DrrA and its substrate
Rab1b with ATP or N®-propargyl ATP the AMPylated Rab1b was pre-
pared and characterized by intact protein MS (Figure S5 and S6).3132
Both, wt and N®-propargyl modified proteins were then coupled with
DMP-tag, reduced, alkylated and trypsinized. The resulting peptide
mixture was analyzed by direct injection into the mass spectrometer.
Of note, Rab1b is modified on Y77 with the tryptic peptide TITSSYYR,
which makes the site identification in particular challenging because
of six possible modification sites. The FAIMS compensation voltage
optimization allowed us to select and enhance the intensity of the
desired peptides for MS? experiments. The unmodified Rab1b peptide
served as a control. Interestingly, the unmodified peptides were found
only as double-charged peptides, whereas the AMPylated peptide
was predominantly triple charged. The following fragmentation exper-
iments corroborate previous reports and add additional insight on
fragmentation properties.>*3* The fragmentation of the control
AMPylated TITSSYYR peptide by HCD provided all characteristic ions
and neutral losses. These were also paralleled in the analysis of the
NE-propargyl AMP modified peptide. The measurement was repeated
with the attached DMP-tag to explore the possibility to modulate
fragmentation properties and improve the site identification rate of
this unstable PTM. However, the DMP-AMP-peptide exhibits the
same fragmentation properties, but as expected, it has yielded an

additional reporter ion at 126.1276 m/z with HCD and a low intensity
114.1275 m/z reporter ion when ETD was used (Figures 4B and S7).
The artificial Rablb DMP-AMP-peptides were spiked in the Hela
whole proteome tryptic digest and analyzed via LC-MS/MS. Indeed, it
was possible to identify the desired DMP-AMP-peptide from the
Rablb by MaxQuant and MSFragger. Of note, the score was
improved when the neutral losses were defined, but it led to the
incorrect localization of the modification on the peptide (Table S3).
This could be due to the fact that the modified Rablb peptide con-
tains six potentially modified sites out of eight amino acids in total.
The MS? acquired in the ion trap resulted in false-positive identifica-
tions in both MaxQuant and MSFragger. The MaxQuant search was
set up to search for unnatural modified peptides (with N°-propargyl
AMP) but identified 137 modified peptides instead of one from Rablb
(Figure 4C). In comparison, the MSFragger search showed greater
stringency by finding only four modified peptides, which were inher-
ently incorrect but did not find the Rablb peptide (Figure 4C). The
high-resolution MS? acquired in the orbitrap has led to improvement
of the MaxQuant search and in MSFragger to correct assignment of
the modified Rab1b peptide (Figure 4C).

Our and others' previous attempts to search for AMPylated pep-
tides in whole proteome tryptic digest proved to be challenging. In
particular, Pieles et al have synthesized two adenosine analogs con-
taining *°N and *C stable isotopes, which were used for metabolic
labeling of AMPylated proteins. Although it was possible to identify
reporter ion clusters of labeled adenosines in in vitro activity assays,
the search of the labeled peptides on a whole proteome has shown a
rather low efficiency.* Therefore, in our study, we have decided to
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use a commercial DMP-specific antibody to enrich the DMP-
modified peptides.3* In principle, the main advantage compared to
other approaches is the possibility of enriching and selectively elut-
ing only the modified peptides without the necessity to use addi-
tional chemical or enzymatic cleavage of the linker used for the
enrichment. The possibility of enriching DMP-modified peptides was
first tested on a model system with an |1A-alkyne probe coupled with
the DMP-tag. The anti-DMP antibody was applied on the peptide
level and resulted in a two-fold increase of the DMP-modified pep-
tides in the sample comparison to DMP-modified peptides without
enrichment (Figure 5 and Table S4). The same approach was then
applied to pro-N6pA treated cell lysates, which resulted in the label-
ing of DMP-AMP-modified peptides. Even though we have identi-
fied numerous AMPylated peptides, there was no overlap with
previously found AMPylated proteins using complementary
methods.*>3® We hypothesize that this is mainly caused by challeng-
ing bioinformatic analysis, which has to deal with a complex mixture
of ions after fragmentations. Although harnessing the potential of
reporter ions and neutral losses presence might be a great advan-
tage in future.

In summary, we have designed and synthesized two clickable
MS-tags based on DMP- and SOX-moieties, which were evaluated
using the single digested modified BSA protein and on whole prote-
ome level with cysteine reactive IA-alkyne. Further on, we have
applied the DMP-tag in the analysis of protein AMPylation and
attempted enrichment of the AMPylated peptides using the
DMP-specific antibody. This study extends the repertoire of available
MS-linkers, opens the possibility to further develop isotopically
labeled derivatives of DMP- and SOX-tags for quantification of
PTM-peptides obtained from different cell types or stress conditions.
Moreover, we have generated a high-quality MS spectra resource for
optimization of the PTM search algorithms, which is freely available
to the community.

=1 Whole proteome
3 Enrichment

Total peptides =]

Modified peptides = I—{

Total peptides = }—{
Modified peptides = I—{

0 1000 2000 5000 10000

30000 40000
Number of identified peptides

FIGURE 5 DMP-lA-alkyne-modified peptides identification rate
in the whole proteome and after the enrichment using the DMP-
specific antibody
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3.2. Chemical Proteomics Reveals Protein Tyrosination Extends Beyond

the AlphaZubulins in Human Cells®’

Makarov, D.; Kielkowski, P. Chemical Proteomics Reveals Protein Tyrosination Extends Beyond
the AlphaZlubulins in Human Cells**., ChemBioChem 2022, 23 (23), €202200414.
https://doi.org/10.1002/cbic.202200414.

Prologue

The publication describes the endeavor to create a chemical proteomics tool to study
de-tyrosination/tyrosination PTM within its natural context. Implementing the promiscuity of TTL,
the described chemical proteomics approach facilitates post-translational incorporation of
modified tyrosine into U-tubulin structure. The focus on de-tyrosination PTM is justified by
the importance of the PTM in neurodevelopment, neurodegenerative diseases and
cardiomyopathies.® Its unique occurrence in U-tubulin makes it an ideal model PTM to prove
the idea behind the study.

As was demonstrated in the study of Schumacher et. al. 2017, TTL can incorporate the Tyr-O-Alk
probe into the structure of U-tubulin as the terminal amino acid in vitro.> However, no attempt to

evaluate all possibilities of the probe for studying tyrosination PTM in vivo was made.

The study provides the synthetic route to the probe i a natural tyrosine substituted with terminal
alkyne at the para position. The alkyne functional group incorporation aimed to implement
the chemical proteomics approaches. It facilitates click reaction with commercially available azide
derivatives of fluorophores such as rhodamine-PEGs-azide for imaging, biotin azide for
the enrichment of modified U-tubulins or other tags like the trifunctional linker, bearing
simultaneously biotin affinity group and fluorophore.

The neuroblastoma cell line (SH-SY5Y) was chosen as a model organism. The successful
post-translational incorporation of the probe was proved by a series of biorthogonal experiments.
After establishing the optimal concentration and treatment conditions, the probe was tested in the
competition assay with natural tyrosine and tyrosine benzene-derivative. Competition assays
simultaneously provided evidence of the enzymatic nature of the modification as well as TLLis
capacities for the incorporation of complex tyrosine derivatives. Enzymatic incorporation was
additionally proven by treating cells with a translation machinery inhibitor cycloheximide. The
labeling of the analyzed tubulins was visible even after inhibiting ribosomes. Moreover,
a centrifuge-based MTs polymerization/depolymerization protocol was applied to prove the

incorporation of the probe-modified U-tubulin into the structure of MTs.
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In-gel results were further corroborated by the MS approach. The SP2E enrichment protocol
implemented for the quantitative analysis of modified U-tubulin revealed several-fold enrichment
compared to the control set. The whole proteome analysis focusing on the identification of other
proteins labeled with the probe did not observe any significant hits, additionally proving the

enzymatic nature of the modification and its specificity for U-tubulin.

The approach was successfully implemented to study tyrosination profiles in the iINGNs cell line
during neurodevelopment. The rates of tyrosination were decreasing with the differentiation of
neurons, being in line with the fact of developing more stable (de-tyrosinated) microtubules for
maintaining cell polarity.
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4. Unpublished work

4.1. Investigating Tubulin Dynamics Using Tyr-O-Alk Probes in TTL and
SVBP Knockout Model Systems

To further investigate the potential of the Tyr-O-Alk probe, we performed tyrosination profiling in
the TTL and SVBP-depleted mouse-derived embryonic fibroblast cells (MEFs). Since TTL
catalyzes the addition of tyrosine and its derivatives on the C-terminal of U-tubulin and SVBP is
an essential protein creating complex with VASH1 and VASH2 and promoting carboxypeptidase
activity to detach tyrosine, the current model serves as a great tool to show the tyrosination
profiling workflow applicability. By disrupting the de-tyrosination/tyrosination cycle, one could
expect to observe decreased amounts of tyrosinated tubulin levels in TTL- and SVBP-depleted

cells compared to control samples.

Cells were treated with the Tyr-O-Alk probe under standard conditions: namely, 24-hour incubation
time and 0.3 mM final concentration of the probe in the medium. The cell lysates underwent click

reaction with biotin-azide and were subjected to the SP2E protocol for enrichment analysis.

As expected, U-tubulin isoforms were among the top hits in WT cells (see Figure 8), whereas, in
TTL-KO samples, tubulin isoforms fell below the cut-off lines (Fold Change (FC)>1, p<0.05)
(see Figure 9a). However, for SVBP-KO cells, the results of the t-test indicated p-values greater
than 5%, suggesting that the differences observed between control samples and samples derived

from SVBP-KO cells were not statistically significant (see Figure 9b).

MEFs (WT)

-1 1 Tubala/ibi1c

Tubada

-log,,(P-value)
p-

log,(Probe-Control)

Figure 8. Volcano plot. Enrichment analysis of wild-type MEFs. Alpha-tubulins are among top hits.
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[A] MEFs (TTL-KOQ) [B] TTL (SVBP-KO)
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Figure 9 Volcano plot. Enrichment analysis of: a) TTL-KO MEFs, b) SVBP-KO MEFs

Results proved the probe incorporation into the tubulinis CTT in the WT cell line which
corroborates the previous results obtained from SH-SY5Y neuroblastoma cells. In contrast to WT
cells, tubulin isoforms were not enriched in TTL-KO and SVBP-KO cells, proving the probe is a
substrate of the de-tyrosination/tyrosination cycle, and is dependent on the proper functioning of
the cycle enzymes (TTL, VASH1/SVBP).
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4.2. Implementation of Tyr-O-Alk probe-based screening platform for

identifying potential TTL inhibitors

Workflow description
The tyrosine probe modified with the terminal alkyne functional group proved to be a suitable tool
for the derivatization of U-tubulinis C-terminals in living cells.®” The probe showed no toxicity for
cells up to 2M concentrations. The probe was not incorporated into the structure of other proteins
during translation, serving as the unique PTM specific for U-tubulins (see Chapter 3.2). That
makes the probe suitable for studying the de-tyrosination/tyrosination cycle in living cells. Such
specificity allowed us to establish a fast and robust workflow for the identification of potential

inhibitors/activators of the de-tyrosination/tyrosination cycle in vivo.

The set of potential inhibitors was prepared by the group of loannis Kostakis at the Athens Institute.
The primary screening of the selected compounds was done by the collaborative group through
the measurement of the binding affinity of the compounds to the TTL enzyme in vitro. Initially,
the binding affinity experiments were aimed at finding kinase inhibitors but unexpectedly identified
a compound with a strong affinity to TTL. Subsequently, this initial compound served as a scaffold
for the synthesizing of a series of related compounds to explore the structure-activity relationship
(SAR) and improve the binding constant. The compounds with high affinity to TTL underwent

the in vivo analysis using the Tyr-O-Alk probe-based platform.

The workflow of the Tyr-O-Alk platform could be represented in several steps. First,
the neuroblastoma cell line (SH-SY5Y) was treated with the inhibitor candidate alongside
the Tyr-O-Alk probe. Second, the cells were harvested to prepare the lysates. Third, the click
reaction between Tamra-azide and the probe bearing a terminal alkyne was conducted to label
the probe-functionalized U-tubulins. Finally, the separation of proteins on SDS-Page with

subsequent fluorescence imaging was performed.

The intensity of the fluorescent band serves as a measure of the incorporation rate of the probe
representing tyrosination levels following the treatment with the TTL inhibitor candidates. However,
the change in the fluorescence signal solely cannot be interpreted because of TTL inhibition.
The cellular environment involves a complex interplay of many processes, and the addition of
compounds may disrupt pathways other than the de-tyrosination/tyrosination cycle, indirectly
influencing the output signal. As an example, a compound may act as an inhibitor of MTs
polymerization, causing indirect changes in the tyrosination cycle. On the other hand,
the established workflow may dramatically decrease the scope of potential TTL inhibitor

candidates and provide insights into cytotoxicity data.
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Optimization of the protocol

The CEM198 compound was the first to be tested for TTL inhibition with the current protocol.
Based on the previous MTT studies conducted by the collaborative group, the incubation time for
the compound was set to 3 days. According to the studies, CEM198 was toxic in the low hanomolar
range. Neuroblastoma cell line was used as a model system due to the higher incorporation
efficiency of the Tyr-O-Alk probe compared, e.g. to HelLa. After the second day of incubation with
the CEM198 compound, the Tyr-O-Alk probe was added to the medium and the cells were
incubated for one more day to reach an overall incubation time of 3 days for CEM198. The first
results showed no change in the fluorescent intensities of the bands (see Figure 10).
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Figure 10. Fluorescent SDS-Gel with Coomassie staining as a loading control. CEM198. 3 days incubation time,
nanomolar range. The band around 55 kDa represents U-tubulin functionalized with Tamra-azide dye.

During the next round of optimization, the concentration range for CEM198 was increased to
10 OM at maximum. By increasing the concentration of the CEM198, a substantial decrement in
fluorescence was visible. Although the protein concentration of the lysates was determined by
Pierce BCA analysis to load equal amounts of protein mixture on a gel, staining of the gel with
Coomassie solution showed a slight decrease in the protein load upon increased CEM198
concentration (see Figure 11a). After normalization of the fluorescent intensities with
a Coomassie-stained gel signal, a 40% decrease in the fluorescence was observable already at
a concentration of 2 OM. Higher concentrations have led to an 80% decrease in fluorescence

(see Figure 11b).
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Figure 11. Fluorescent SDS-Gel with Coomassie staining and normalized intensities. (a) CEM198. 3 days
incubation time, micromolar range. (b) Normalized intensities of the SDS-Page bands. Normalization was done
towards Coomassie staining.

To understand the distribution of tubulin proteins across the concentration gradient, western blot
analysis with anti-U-tubulin, tyrosinated, antibody was performed. The WB results showed
a decrease in the abundance of the protein upon treatment with higher concentrations of
the CEM198 compound. Subsequent staining with anti-GAPDH-rhodamine-linked antibody also
showed a decrease in the abundance of the related protein (see Figure 12a). By the staining
the membrane with anti-de-tyrosinated U-tubulin antibody, the diminishing of the signal was
observed. Surprisingly, the signal of de-tyrosinated U-tubulin was gone at concentrations 5 OM and

higher (see Figure 12b).
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Figure 12. WB analysis with GAPDH control. CEM198. 3 days incubation time. (a) Staining with anti-U-tubulin,
tyrosinated antibody. (b) Staining with anti-U-tubulin, de-tyrosinated antibody.

The second batch of the compounds (CEM353, CEM706, CEM670) was tested using the same
protocol as for CEM198, maintaining a 3-day incubation time and with a concentration range of
10 OM at maximum. The compound CEM353 did not show a substantial decrease in fluorescence

signal upon treatment with concentrations up to 7 OM. A slightly lower signal was observable at

a concentration of 10 OM (see Figure 13).
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Figure 13. Fluorescent SDS-Gel with Coomassie staining and normalized intensities. (a) CEM 353. 3 days
incubation time, micromolar range. (b) Normalized intensities of the SDS-Page bands. Normalization was done by
Coomassie staining.

Upon cell treatment with the compound CEM670 at a final concentration of 10 OM, a slight
decrease in fluorescence was visible, similar to what was seen with CEM353 (see Figure 14).
However, this compound was rather toxic for the cells, leading to dosage-dependent cell death.
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Figure 14. Fluorescent SDS-Gel with Coomassie staining and normalized intensities. (a) CEM 670. 3 days
incubation time, micromolar range. (b) Normalized intensities of the SDS-Page bands. Normalization was done by
Coomassie staining.

The compound CEM706 exhibited significant toxicity to the cells and was tolerated up to 2 OM
concentration only. Upon treatment with higher concentrations, survival rates were dropped to
zero and it was impossible to process the cell material. By normalization of the band intensities
with Coomassie staining signal, the 40% decrease in intensity compared to cells treated with

Tyr-O-Alk took place at a concentration of 2 OM (see Figure 15).
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Figure 15. Fluorescent SDS-Gel with Coomassie staining and normalized intensities. (a) CEM 706. 3 days
incubation time, micromolar range. (b) Normalized intensities of the SDS-Page bands. Normalization was done by
Coomassie staining.

The fluorescence signal decreased to different extents upon the treatment with the CEM
compounds (CEM198, CEM670, CEM706). However, the toxicity of the compounds remained as
the main issue for the experimental procedure. The amount of viable cells ready for harvesting
dropped by the increasing CEM concentrations. The cells' morphology was substantially changed
compared to untreated cells. Even though the protein concentration in the lysates was measured,
the staining of the gels with Coomassie dye revealed uneven loading of the samples. Most
probably, the general protein composition was extensively changed upon treatment with the CEM
compounds. To fully understand the underlying changes in proteome composition, the whole
proteome analysis of the CEM-treated cells can be performed employing mass spectrometry.
However, additional experiments exceed the scope of the current workflow. Because of toxicity
problems, results obtained under described experimental conditions cannot be unambiguously

interpreted.

Next, we hypothesized that if the CEM compounds were TTL inhibitors, the cells might not survive
long enough due to impaired de-tyrosination/tyrosination cycle. Therefore, it was important to
capture the exact time window before major changes in morphology or cell death take place,
to determine if the TTL inhibition occurred. To meet the hypothesis, the protocol was changed in
such a way that the incubation time of the TTL inhibitor was reduced to 24 hours and the incubation
of the Tyr-O-Alk probe was left unchanged i 24 hours. This also allowed us to use extended

concentration ranges of the CEM compounds.

With the new protocol in hand, the compounds CEM670 and CEM198 were tested in
the concentration range up to 80 OM and 40 OM, accordingly and with an incubation time of
24 hours. The substantial decrease in the fluorescence was already visible at 30 OM concentration
for CEM670, and at 20 OM concentration for CEM198 (see Figure 16a and 17a). Indeed,
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by reducing the incubation time, it was possible to overcome the toxicity problem to some extent
and acquire much more of the cell material compared to the previous 3-day incubation condition.
However, the toxic effect on cells was still elevated and observable. For both compounds CEM670
and CEM198, WB analysis with anti-U-tubulin, tyrosinated antibody revealed a slight decrease in
signal intensity at higher concentrations which can indirectly support TTL inhibition caused by

the treatment with CEM compounds (see Figure 16b and 17b).
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Figure 16. Fluorescent SDS-Gel and WB analysis. (a) CEM 670. 24-hour incubation time, maximum concentration
at 80 OM. (b) WB with anti-U-tubulin, tyrosinated.
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Figure 17. Fluorescent SDS-Gel and WB analysis. (a) CEM 198. 24-hour incubation time, maximum concentration
at 80 OM. (b) WB with anti-U-tubulin, tyrosinated.

Since the shortening of the incubation time for the CEM compounds brought substantial
improvement in the quality of data, we decided to reduce the incubation times even further to

18 hours while increasing the concentration range of the CEM compound. The incubation of

Tyr-O-Alk remained 24 hours.

To test new conditions, additional experiments were conducted with promising compounds that
caused the decrease of the fluorescence signal (CEM198, CEM670), as well as with additional

compounds that were obtained as a third batch from the collaborative group (CEM77, CEM373).

Under new conditions of reduced incubation times, it was possible to increase the concentration
of the CEM198 compound to 120 OM. As mentioned before, the treatment with CEM198 provoked

a change in cell morphology as well as dose-dependent cell death. As visible from the fluorescent
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gel, the tubulin signal was fading away upon increasing the concentration of the compound.
Instead of using an anti-U-tyrosinated-tubulin antibody, WB with an anti-U-tubulin, de-tyrosinated,
antibody was performed to capture the increased fraction of related protein proteoforms. Signals
from the SDS-Page and WB bands were normalized to a signal of GAPDH. A substantial decrease
in fluorescence was visible at a concentration of 20 OM. While the fluorescence signal was
diminishing, the de-tyrosinated tubulin fraction reached two times increase compared to the control
sample at a concentration of 20 OM. At higher concentrations, above 40 OM, the fraction of

de-tyrosinated tubulin was decreasing (see Figure 18).
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Figure 18. Fluorescent imaging of SDS-Page gel, WB analysis with results normalization. (a) CEM198. 18 hours
incubation time. (b) WB with anti-U-tubulin, de-tyrosinated, and GAPDH signal as loading control. (c) Relative
intensities of the signals normalized to GAPDH bands

The results for the compound CEM670 were almost the same as for CEM198. The fluorescence
had a dose-dependent correlation and was not visible at the highest concentration of 200 OM.
The compound also changed the morphology of the cells and caused cell death in the same
manner as CEM198. Staining with anti-tubulin, de-tyrosinated, antibody revealed almost the same
amounts of the corresponding tubulin fraction among the samples treated with CEM670 up to

a concentration of 40 OM. At a concentration of 80 OM, a spike in signal was observable that can
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indicate the cumulation of the de-tyrosinated tubulin fraction in cells (see Figure 19). Due to
artifacts on the membrane, it was not possible to evaluate the signal intensity for 120 OM and
200 OM concentrations.
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Figure 19. Fluorescent imaging of SDS-Page gel, WB analysis with results normalization. (a) CEM670. 18 hours
incubation time. (b) WB with anti-U-tubulin, de-tyrosinated, and GAPDH signal as loading control. (c) Relative
intensities of the signals normalized to GAPDH bands

Compounds CEM77 and CEM373 did not induce any change in the fluorescent signal
(see Figure 20). Therefore, no further WB analysis was conducted.
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Figure 20. Fluorescent imaging of SDS-Page gel and Coomassie staining as loading control.18 hours incubation
time. (a) CEM77 and (b) CEM373

The initial data indeed showed a decrease in the incorporation rates of the Tyr-O-Alk probe,
providing insight into the reactivity of the CEM compounds and raising the question about their
potential inhibitory effect on TTL. However, the acquired data must be confirmed by running
additional experiments with selected compounds to statistically validate their findings. SDS-Page

and WB analysis should be performed in replicates to avoid misinterpretation of the data.

4.3. Synthesis of photo reactive tyrosine probe

Design of photo-reactive tyrosine
The final structure of the photo-reactive probe was chosen based on several considerations. First,
the addition of another functional group on tyrosine should not disrupt the TTL-mediated
incorporation of the probe into the U-tubulin structure. Despite TTLis broad substrate tolerance,
we aimed to maintain a photoreactive group rather small and simple to prevent increasing the
complexity of the final probe.>! Based on the previous publications, at least two positions for the
functionalization of tyrosine can be distinguished i para- and ortho. The previous in vitro studies
demonstrated that the incorporation efficiency of para-functionalized tyrosine into the structure of
Tub-tag dropped compared to ortho-substituted derivatives, such as 3-nitrotyrosine,
3-formyltyrosine or 3,4-dihydroxyphenylalanine.® However, it can be increased by elevating
the probeis concentration in the reaction.®’. Since Tyr-O-Alk was proven as an efficient TTL
substrate in our previous in vivo studies (see Chapter 3.2), a para position has been chosen for

further functionalization with a photo-labile group.

Second, the photoreactive group must remain stable under different reaction conditions during
the probe synthesis and cause minimal harm to proteins upon UV activation. Among different

photoreactive groups such as benzophenone, aryl azide, trifluoromethyl phenyl diazirine, trifluoro
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alkyl diazirine, the simplest alkyl diazirine was chosen due to its stability under different reaction
conditions, small size, and straightforward synthesis.”* Photoactivation of alkyl diazirine occurs at
350-365 nm wavelength, causing less harm to proteins compared to aryl azide, which needs

shorter wavelengths for its activation (254-400 nm i depending on the substituents).6°71.88

However, we acknowledge the potential success of the ortho-functionalization with other already-
mentioned PAL groups. The structures of alternative tyrosine derivatives substituted in ortho-
position with different PAL groups are depicted in Figure 21.
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Figure 21. Structures of potential tyrosine cross-linking probes. Tyrosine scaffold with diverse PAL reactive groups
attached in ortho-position that can be suitable as alternatives to Tyr-O-Diaz.

Knowing the position of the functionalization on the tyrosine and the photo-reactive group,
we suggested the structure of the probe (Tyr-O-Diaz) for studying PPIs of U-tubulin
(see Figure 22). Compared to the Tyr-O-Alk probe, the photo-reactive analog has a prolonged

aliphatic linker bearing diazirine functional group and the terminal alkyne.

46



Tyr-O-Alk Tyr-O-Diaz

o\/// © \
N
——> oH
,E ;OH H,N
H,N 5
0 ll

Figure 22. Two labeling probes. The comparison of Tyr-O-Alk probe with the photo-reactive probe bearing diazirine
and terminal alkyne 1 Tyr-O-Diaz.

The so-called minimalist terminal alkyne-containing diazirine photo-crosslinker was chosen as
the starting point for synthesizing the probeis structure.’® Bearing simultaneously terminal alkyne
for CUAAC and diazirine moiety for PAL, this linker could be installed into the para position of
tyrosine. For this, it must be functionalized with a good leaving group to undergo nucleophilic
substitution with tyrosine.

As a reference to the synthesis of a minimalist diazirine linker, the publication of Li, Z.; Hao et al.,
2013 was used (see Figure 23).7% Although the publication provides the established synthetic

protocol, some modifications were implemented during the optimization process.

N=N
HOM

Figure 23. The structure of fiminimalisto terminal alkyne-containing cross-linker.

The synthesis of Tyr-O-Diaz was divided into three parts: the synthesis of a diazirine linker bearing
terminal alkyne and functionalized with a tosyl group, the synthesis of Boc-protected tyrosine
t-butyl ester, and a coupling reaction between two fragments, followed by the formation of
zwitterion ultimately yielding the desired compound. The retrosynthetic approach is depicted in

Figure 24.
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Figure 24. Retrosynthetic scheme. Retrosynthetic analysis of the tyrosine diazirine probe.

Optimizing conditions for the synthesis of aliphatic diazirines
To avoid using liquid ammonia, a solution of methanolic ammonia (7N NHs in MeOH) was used as
an alternative reagent to promote the formation of an imine from a ketone.®% Also, affordable and
cheap 5-hydroxypentan-2-one (1) was used as a model reagent instead of the valuable
intermediate to test the reaction conditions. Unfortunately, low robustness of the protocol and low
yields were observed after several attempts. The 3-(3-methyl-3H-diazirin-3-yl)propan-1-ol (2)

reached a maximum of only 10% yield (see Scheme 1).

1. NHj (7N in MeOH, 15 eq.), 5h
NH,0SO3H (1.3 eq.), on

Ao 2. 1, (1.4 eq) AL~ OH

Et;N (7 eq.), 3h
1 2

6%

Scheme 1. Reaction scheme. Model diazirine synthesis using a standard two-step approach.

The alternative t-BuOCI-based protocol was at first tested on a model ketone 1. After the first
attempt, a 27% vyield of model diazirine 2 was obtained. The robustness and feasibility of
the protocol have met the expectations, and the protocol was chosen as a lead synthetic route for

the synthesis of diazirines (see Scheme 2).
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Scheme 2. Reaction scheme. Model diazirine synthesis using optimized one-pot two-step reaction conditions with
t-BuOCI.
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The synthesis of the minimal alkyne diazirine linker
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Scheme 3. Reaction scheme. The synthesis of alkyne diazirine linker.

The first reaction was the attachment of the terminal alkyne to the backbone of the future linker.
As the starting material, available and cost-effective ethyl acetoacetate (3) was used. Treatment
with in situ generated LDA led to the formation of dianion, subsequently reacting with electrophilic

propargyl bromide (4) to yield ethyl 3-oxohept-6-ynoate (5) in reasonable yield.

The second reaction was performed to form 1,3-dioxolan, serving as a protection group for the
ketone group in a subsequent reduction reaction. Instead of the classic approach to ketone
protection using ethylene glycol in the presence of mild p-toluenesulfonic acid (Ts-OH),

the optimized Noyori condition was implemented to achieve higher yields and better
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reproducibility.®* TMS-protected ethylene glycol reacted with keto ester 5 in the presence of
a TMS-triflate catalyst in dry DCM, yielding ethyl 2-(2-(but-3-yn-1-yl)-1,3-dioxolan-2-yl)acetate (6).

The next step in the synthesis was the reduction of ester 6 yielding 2-(2-(but-3-yn-1-yl)-1,3-
-dioxolan-2-yl)ethan-1-ol (7). The reaction yielded ketal 7 with an efficiency close to stoichiometric

yield.

Reaction conditions for the deprotection of ketal 7 were optimized to increase the efficiency and
yield of the reaction. Catalytic amounts of Ts-OH suggested by protocol did not catalyze
the deprotection of ketal 7 even after prolonged times or elevated temperatures.”® Moreover,
by increasing the amounts of Ts-OH to 0.5-1 eq. of the starting compound, the formation of ether
side product was observable. The same by-product was obtained when the reaction was heated
to 50AC. Optimal conditions for the deprotection involved 0.25-0.35 eq. of Ts-OH in 10% water in
acetone solution under room temperature (RT) for 16-24 hours. The final product 1-hydroxyhept-
-6-yn-3-one (8) was obtained in reasonable yield under optimized conditions. Ketone 8 is a volatile

liquid and should not be dried under high vacuum conditions.

Following a one-pot two-reaction protocol, the diazirine formation from the deprotected ketone 8
was robust after several runs. Under inert conditions, propargyl-ketone 8 was dissolved in
methanolic ammonia (7N NHz in MeOH), followed by the addition of t-BuOCI. The reaction
proceeded at RT. for 4 hours to form diaziridine as an intermediate, which was not isolated.
In the next step, unreacted ammonia should be removed from the reaction mixture by bubbling
inert gas for 30 minutes through the solution. The ninhydrin test can help to prove the absence of
the amines in the reaction mixture before the addition of the last portion of hypochlorite.
The oxidation step was fast and took 30 minutes to complete. The protocol yielded 2-(3-(but-3-yn-
-1-yl)-3H-diazirin-3-yl)ethan-1-ol (9) in the range of 357 55% after several batches, proving
the robustness and effectiveness of the approach.

The functionalization of the hydroxy group of diazirine 9 with tosyl was conducted in DCM with
the addition of catalytic amounts of DMAP, tosyl chloride, and EtsN. After overnight incubation, 2-
-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethyl 4-methylbenzenesulfonate (10) obtained in good vyield
(75%).
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The synthesis of the tyrosine photo reactive probe
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Scheme 4. Reaction scheme. Attachment of diazirine linker to tyrosine with subsequent simultaneous deprotection.

The reactant (tert-butoxycarbonyl)-L-tyrosine (11) was prepared using the standard synthetic
protocol described in Chapter 8.2. Briefly, the reaction was conducted in a dioxane/water mixture
with a ratio of 2:1 upon the addition of NaOH as a base while stirring for 3 hours at RT. The Boc-

-protected tyrosine 11 was obtained in almost stochiometric yield.

The esterification reaction was done by following the procedure described by Chevallet et. al.,
1993.929 The reaction was held in DMA with the addition of a phase transfer catalyst
benzyl tri-ammonium chloride (BTEAC), excess of K,COs and excess t-BuBr for 48 hours at 55AC.
The reaction vyielded tert-butyl (tert-butoxycarbonyl)-L-tyrosinate (12) in good yield

(see Scheme 4).

Substitution reaction between protected tyrosine 12 and tosylated diazirine 10 was conducted in
DMF in the presence of Cs,CO3 as a base and DMAP as a catalyst. After stirring the reaction at
50AC for 16 hours, the desired tert-butyl (S)-3-(4-(2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-
-ethoxy)phenyl)-2-((tert-butoxycarbonyl)amino)propanoate (13) was obtained in reasonable yield.
The simultaneous cleavage of protection groups in Boc-protected tert-butyl tyrosine ester 13 was
achieved by treating the starting compound with aq. TFA solution. Using a solution of 90% TFA in
water, the formation of the desired product occurred fast. Unfortunately, a hydrolyzed by-product

with m/z = 289.3 was observed as well. The optimal conditions to prevent the formation of
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by-products were experimentally found and required treating of the starting compound with TFAin
water solution in a concentration range of 30-50%. The purification of the final compound was
carried out through reversed-phase chromatography on a C-18 column, using a gradient of
30-80% ACN/H20. The product was then concentrated by lyophilization. Photo-crosslinker (S)-2-
-amino-3-(4-(2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethoxy)phenyl)propanoic acid (14) was obtained
in moderate yield.

53



4.4. Decoding U-tubulin protein-protein interactions using photo-cleavable

tyrosine probe

Incorporation efficiency of the probe
With the new photo-crosslinking probe in hand, we started a series of experiments to determine
whether the probe was incorporated into the structure of U-tubulin in the same manner as
the original Tyr-O-Alk probe. Subsequently to find suitable conditions for the UV irradiation to

promote cross-linking in the cells.

The incorporation of the diazirine probe into the structure of U-tubulins was tested in the SH-SY5Y
cell line, the same model organism used for studying tyrosination profiling with the Tyr-O-Alk
probe. Cells were treated with the probe at a concentration of 0.3mM and incubation time was set
to 24 hours. These conditions were utilized for the Tyr-O-Alk probe and proved effective for
U-tubulin labeling. Also, they served as a reference point for comparing the two probes. After cell
treatment with the Tyr-O-Diaz probe, SDS-Page fluorescence analysis revealed a band of 55 kDa
which is characteristic of tubulins (see Figure 25a). Next, a direct comparison of the samples
treated with two probes revealed bands of the same height on a fluorescence SDS-Page gel

(see Figure 25b).
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Figure 25. Fluorescent SDS-Page with Coomassie staining. (a) Fluorescent band of around 55 kDa upon
treatment with Tyr-O-Diaz probe. (b) Comparison of Tyr-O-Alk and Tyr-diaz. Two bands of the same height represent
successive incorporation of the Tyr-O-Diaz probe
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Photo-crosslinking efficiency
Next, the cross-linking efficiency of the Tyr-O-Diaz probe was evaluated in SH-SY5Y cells. Cells
treated with the probe were irradiated with a 365 nm diode for 5 min before harvesting.
A substantial difference in overall fluorescence intensity was observed between UV-irradiated
(UV+) and non-irradiated cells (UV-). Additionally, UV+ samples yielded more fluorescent bands

on the gel compared to UV- samples (see Figure 26).
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Figure 26. Fluorescent SDS-Page with Coomassie staining. Efficiency of Tyr-O-Diaz cross-linking. Cells were
irradiated with 365 nm UV light for 5 min before harvesting.

Such strong labeling can be explained by the presence of the free probe in cells, forming cross-
-linkages with nearby proteins under diazirine activation, and functionalizing them with terminal
alkyne. These proteins subsequently react in a click reaction with a fluorophore, resulting in strong

background fluorescence.

The obtained data provided strong evidence of the efficiency of the photo cross-linking probe and
the efficacy of the irradiation conditions, shedding light on the background reactivity of the free

probe. To eliminate or suppress unspecific cross-linkages, several approaches can be considered.

The first possible solution would be to inhibit or block the enzymatic incorporation of the probe.
Without the incorporation of the probe into the protein structure, only the free probe undergoes
a cross-linking reaction, labeling proteins nearby. Enriched proteins from TTL-depleted cells then
serve as a background control set. Inhibition could be achieved by using a TTL inhibitor or using
the genetically modified cell line with depleted TTL enzyme. Unfortunately, a lack of
a proven TTL inhibitor creates a challenge, as only potential candidates have been published so

far.%4
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Second, the free probe could be washed away from the cells before UV irradiation, so only
U-tubulin enzymatically labeled with diazirine can be present in the cells. To succeed with this
approach, PTM turnover must be slower than the elimination of the probe from the cell
compartments. As was shown in our previous experiments with the Tyr-O-Alk probe,
the fluorescent band of interest was visible for up to 24 hours after the medium exchange
(see Figure 27). This fact allowed for implementing the special treatment condition in the next

round of experiments to overcome the unspecific cross-linking problem.
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Figure 27. Fluorescent SDS-Page with Coomassie staining. Turnover of Tyr-O-Alk probe in SH-SY5Y cells. After
one day of incubation, the medium was exchanged for a new one without the probe. Cells were harvested at different
time points after exchange.
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Mass spectrometry analysis of photo-crosslinking experiments

To identify proteins interacting with U-tubulin, enrichment using SP2E protocol followed by mass
spectrometry analysis was performed. To address the background labeling problem, an additional
condition was introduced into the experimental setup (see Figure 28). To capture unspecifically
labeled proteins, cells were treated with the diazirine probe for 3 hours, allowing the probe to enter
the cell without post-translational incorporation into the C-terminal of U-tubulins. On the other hand,
the medium in the probe-treated cells was exchanged before the cross-linkage to decrease
amounts of the free probe in cell compartments while keeping the modification on the tubulin
C-terminal intact. Direct comparison of the enriched proteins between UV-treated probe and
background control (BG) allows for subtracting unspecific cross-linking coming from BG-control
samples.
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Figure 28. Experimental scheme. A set of control samples treated with the blank solution (negative-control), a set
treated with Tyr-diaz probe without UV irradiation (probe UV-), a set treated with Tyr-diaz with UV irradiation (probe
UV+), a set treated with Tyr-diaz probe for 3 hours (Background-control). Created with_BioRender.com.

To capture the difference between conditions, principal component analysis (PCA) was performed
on the dataset. The BG-control samples (treated with the probe only for the 3 hours) were

clustering together, while samples from other experimental conditions tended to cumulate into one
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broader cluster (see Figure 29). This suggests higher inconsistency in the data acquired from

conditions other than BG-control.
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Figure 29. PCA plot. Clustering of the samples represents the differences/similarities between them. BG-control
samples are represented in blue.

Enrichment analysis of tubulins without UV treatment

Initially, it was crucial to verify through mass spectrometry that the probe was indeed incorporated
into the tubulin structure. To achieve this, we compared the abundance of the proteins between
probe-treated samples without UV exposure and controls treated with a blank solution.
U-Tubulin isoforms were among the top hits as indicated by the volcano plot (VP)
(see Figure 30a). Although U-tubulins were above the cut-off lines (Fold Change (FC)>1,
p-value<0.05), the difference between probe-treated and control samples was not substantial yet
still statistically reliable. For example, by analyzing a previous experiment where cells were treated
with the Tyr-O-Alk probe, the fold change enrichment was two orders higher (see Figure 30b).
This observation may suggest reduced efficiency of TTL in incorporating tyrosine bearing
additional functional group.
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Figure 30. Volcano Plot. Fold enrichment analysis of samples treated with: A) Tyr-O-Diaz probe without UV and controls
B) Tyr-O-Alk and controls.

Enrichment analysis of the samples after UV treatment
The protein composition of the samples subjected to UV exposure was the main interest of
the project. The primary goal of the Tyr-O-Diaz probe was to reveal tubulin PPIs. To prove its
efficiency, it was crucial to find known tubulin interactors, such as microtubule-associated proteins,

and potentially to find unknown interactors.

Two sets of conditions were compared. The cells that were treated with Tyr-O-Diaz had no UV
light exposure, and cells treated with Tyr-O-Diaz and UV irradiated. Unfortunately, volcano plot
analysis was not informative, the distribution of the data points was rather even across the plot
with slightly more accumulation on the left side, which could mean a downregulation of many
proteins (see Figure 31). Tubulin isoforms (TUBA4A, TUBALC) that usually stay among best hits,
were downregulated on VP. Instead, proteins unrelated to tubulins were enriched, suggesting them
to be either false positives or cross-linked with the free probe.

To understand if the enriched proteins from VP in Figure 31 should be considered as nonspecific
reactivity products, data from BG-control conditions were analyzed.
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Figure 31. Volcano Plot. Fold enrichment analysis of diazirine-treated samples, where one sample was subjected to
UV irradiation (Probe UV+) whilst the second one was not subjected to UV irradiation (Probe UV-). Tubulins were
downregulated, in contrast to theory.

The difference in the protein composition between BG-control samples and samples treated with
the probe and without UV irradiation (Probe UV-) was revealed by volcano plot analysis
(see Figure 32). In total, 216 proteins were enriched when standard cut-off conditions were
applied (FC>1, p-value<0.05). All these hits can be assumed as potential unspecifically cross-
linked proteins since the incubation for the diazirine probe was too short for the incorporation into
the tubulin structure. By running gene ontology (GO) terms analysis, many proteins were involved
in protein folding processes, were a part of endoplasmic reticulum (ER) to Golgi vesicles or
intermediate compartments, acting in lysosomes and ER (see Experimental section 8.6,
Table 1). Tubulin isoforms were downregulated in the same manner as in the previous VP which
was in line with the theoretical assumption that no incorporation of the probe can occur under

shorter incubation time.

Unfortunately, only a set of 216 potential false positives was obtained from the first experiment,
and no meaningful result could be acquired from the rest of the data. To confirm the obtained

results, the same protocol was repeated.
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Figure 32. Volcano Plot. Fold enrichment analysis of proteins in BG-control samples compared to Probe UV- samples
(FC>1, p-value<0.05). Enriched proteins (red) represent the background caused by free diazirine probe. Tubulins were
downregulated, in contrast to theory.

Repetition of the protocol
As the first step, the quality and consistency of the data acquired from the second experiment
were analyzed. From the clustering of the samples on the PCA plot, we can conclude the clear
difference between sets of experimental conditions (see Figure 33). Three groups of clusters can
be identified: the cluster of BG-controls (blue), Probe UV+ (green), and control with Probe UV-
(red).
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Figure 33. PCA plot. Clustering of the samples represents the difference/similarity between 16 samples acquired from
the second experiment. Blue cluster represent the BG-control samples, green cluster represents UV irradiated, probe-
treated samples, red cluster contains samples that were not UV irradiated, serving as controls.

61



The fold change analysis between probe-treated cells (Probe UV-) and control samples was made
to prove the probe incorporation by showing the enrichment of tubulin family proteins. This time,
TUBALC and TUBAJA lie under cut-off lines, having an FC value of less than 1. Although
the values were lower than expected (FC[TUBA4A]=0.30, FC[TUBA1C] =0.47), the t-test
showed high confidence in the difference between the two sets of samples, confirming a slightly

higher accumulation of U-tubulin fraction in probe-treated cells (Probe UV-) (see Figure 34).
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Figure 34. Volcano Plot. Fold enrichment analysis of probe-treated (Probe UV-) and control samples without UV
irradiation. TUBA4A and TUBA1C fall under cot-off lines.

Next, BG-control samples were analyzed to reveal a set of unspecifically cross-linked proteins.
For this, VP analysis was performed between BG-control samples and probe-treated

(Probe UV-) samples. A set of 335 proteins were identified as enriched in BG-control

(see Figure 35).
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Figure 35. Volcano Plot. Fold enrichment analysis of BG-control and probe-treated (Probe UV-) samples. 335
potential background binder were identified (red).

By overlaying 335 potential false positive hits with the enriched proteins from the previous
experiment (216 potential false positive proteins were found), 111 (24%) proteins were found to
be common for two sets (see Figure 36). A high number of overlapping proteins increases

the confidence of revealing actual false positives.

Background
Hits

Experiment 1

105 [ 111

(22.8%) | (24.1%)

Total: 216

Figure 36. Venn diagram. Overlay representation between two experiments to identify background proteins. 111
common background proteins were identified after two experiments. Created with_BioRender.com.

The VP analysis of UV-treated, probe-supplemented (Probe UV+) samples and samples without
UV irradiation (Probe UV-) was aimed to identify the set of actual tubulin interactors together with
false positives coming from unspecific cross-linking of proteins with the free probe. The standard
cut-off lines (FC>1, p-value<0.05) were applied to determine the up-, and down-regulated proteins.

Only 26 proteins (depicted in red) were enriched in the UV-irradiated samples (see Figure 37).
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Figure 37. Volcano Plot. Fold enrichment analysis of UV-treated (Probe UV+) samples and samples without UV
irradiation (Probe UV-). 26 proteins i upregulated, 204 proteins i downregulated. TUBAL1C and TUBALC are
downregulated in contrast to theory.

A set of proteins enriched in UV-treated (Probe UV+) samples (26 enriched) was compared with
a combined set of false positives (BG-control) from two experiments (see Figure 38). In total,
24 out of 26 proteins from the UV-treated (Probe UV+) samples were also found in the BG-control
set of proteins. A substantial overlap between hits from both experiments indicates that these
overlapping proteins are likely to be actual false positives.
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Probe UV+
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Figure 38. Venn diagram. Overlapping of background proteins from two experiments. Diagram represents the
overlap of proteins from BG-control sets and upregulated proteins from UV-irradiated (Probe UV+) samples. Created
with_BioRender.com.
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Surprisingly, U-tubulins were downregulated in the samples treated with UV light (Probe UV+), in
contrast to our expectations (see Figure 37). The general shape of the volcano plot was skewed
to the left side of the plot, suggesting a lot of the proteins were downregulated compared to
the control conditions (Probe UV-). Thus, downregulated proteins were also carefully analyzed to
find any correlation with microtubules and microtubule-associated proteins. 204 proteins were
downregulated when strict conditions were applied (FC<-1, p-value<0.05). Among downregulated
proteins, proteins associated with microtubules, actin filaments, microtubule-associated proteins,

cytoskeleton and mitotic spindle were found (see Experimental section 8.6, Table 2).

However, while applying strict cut-off lines to volcano plot, a bunch of potential hits are eliminated
from the scope of enriched proteins, not capable of capturing subtle yet biologically meaningful
changes. To address this problem, an approach described by Tusher et al. 2001, named
significance analysis of microarrays (SAM) was implemented.® This approach provides a more
comprehensive assessment of differential protein abundance by accounting for variations within
and between experimental groups, ensuring that all meaningful changes are captured while
maintaining precise statistical control. New cut-off lines representing FDR values were placed on

VP instead of constant values (see Figure 39).

log,(Probe UV+ / Probe UV-)

Figure 39. Volcano Plot. Fold enrichment analysis of UV-treated samples (Probe UV+). New cut-off lines that
represent the adjusted FDR values (FDR<0.05, So=0.1) were applied.

With the SAM approach, 844 hits were identified as statistically significant downregulated proteins
(depicted in blue in Figure 39). By analyzing these proteins, 47 proteins can be identified with

microtubules GO term, 111 with microtubule cytoskeleton GO term, and 16 as microtubule-
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associated proteins GO term (see Figure 40). In total, 111 proteins were identified as associated

with tubulin and microtubules.
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Figure 40. Venn diagram. Diagrams representing overlay between downregulated proteins and proteins associated
with microtubules, microtubule cytoskeleton and MAPs. Created with_BioRender.com.

These 111 proteins associated with MTs were analyzed with the STRING database to uncover all

possible interactions between them (see Figure 41).%
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Figure 41. STRING interaction map. The interconnections between 111 downregulated proteins from Probe UV+ that
are associated with MTs.

Revision of the upregulated proteins was conducted using the SAM approach cut-off lines.
369 proteins (depicted in red in Figure 39) were statistically enriched in Probe UV+ instead of
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24 previously annotated hits, 132 of which overlapped with the hits from background samples from
the same experiment. Moreover, a significant overlay between background hits from the previous
experiment was obtained T 58 hits, suggesting the partial success and robustness
of the protocol in terms of identifying proteins cross-linked with the free diazirine probe

(see Figure 42).
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Figure 42. Venn Diagram. Venn diagram with overlapping proteins upregulated in UV-treated samples (Probe UV+)
and background proteins (BG-proteins) while applying SEM approach cut-off lines. Created with_BioRender.com.

By subtracting the set of potential background hits cumulated from both experiments, only 235 hits
were left for the re-analysis. GO term analysis revealed that most hits were related
to mitochondrial, ER, nucleus, Golgi, or membrane-associated proteins (see Experimental
section 8.6, Table 3). Proteins associated with microtubules or cytoskeleton were not found.

The obtained results suggest that upon UV treatment and subsequent magnetic bead enrichment
of the samples treated with the diazirine probe, only proteins marked as potential backgrounds
were upregulated. On the other hand, microtubule-associated proteins that should be cross-
coupled with functionalized U-tubulin were not found. Instead, a downregulation of the mentioned
proteins took place. U-tubulin, b-tubulin as well as different MAPs and cytoskeleton-associated
proteins were downregulated. A possible reason for such an issue may be the insufficient length
of the diazirine probeis linker, causing the terminal alkyne to be blocked for the click reaction.
It might cause the tubulin-interacting protein complex to be washed away during the magnetic

bead enrichment.
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6. List of abbreviations

ABPs
AfBPs
BTEAC
BG
CTT
CuAAC
DCTN1
DDA
DIA
EB1/2
ER

FC

GO
ICAT
iINGNs
iTRAQ
KO
MAP
MATCAP
MCAK
MEFs
MTs
MTOC
PAL
PCA
POI
PPI

Activity-based Probes

Affinity-based Probes

Benzyl tri-ammonium chloride

Background Control

C-terminal Tail

Copper-catalyzed Azide-alkyne Cycloaddition Reaction
p150Glued Dynactin Subunits 1

Data-dependent Acquisition

Data-independent Acquisition

End-binding Proteins 1/2

Endoplasmic Reticulum

Fold Change

Gene Ontology

Isotope Coded Affinity Tags

Induced Pluripotent Stem Cell-Derived Neural Cells
Isobaric Tags for Relative and Absolute Quantitation
Knock-out

Microtubule-associated Protein
Microtubule-associated Tyrosine Carboxypeptidase
Mitotic Centromere-associated Kinesin
Mouse-derived Embryonic Fibroblast Cells
Microtubules

Microtubule-organizing Center

Photo-affinity Labeling

Principal Component Analysis

Protein of Interest

Protein-protein Interaction
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