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Abstract

Abstract

Small molecule probes are useful tools to characterize protein targets and assign protein
function. The development of bioorthogonal chemistry allows the application of tandem
labeling for protein target identification in situ. The application of chemical probes is often
combined with mass spectrometry analysis in order to identify the protein targets. During the
workflow, immobilization and elution is a necessary step in the enrichment of target proteins.
The biotin-streptavidin system is a widely applied strategy used for this purpose. Due to the
strong interaction of biotin and streptavidin, harsh conditions are necessary in the elution
process. The endogenously biotinylated proteins and non-specifically bound proteins will
release simultaneously with the target proteins. Some strategies have been developed to solve
these problems such as optimization of the washing steps, synthesis of different biotin analogs
or mutation of streptavidin to reduce the binding affinity between biotin and streptavidin.
Another promising tool to solve this problem is cleavable linker.

To develop a simple and efficient cleavable linker for activity based probes, a cleavable
building block derived from tartaric acid was constructed and subsequently incorporated into
an activity based probe as well as clickable biotin reagent for tandem labeling. Papain-like
cysteine proteases were labeled and captured with streptavidin beads followed by
chemoselective elution under a mild condition. The amount of background proteins in
chemical elution was much lower compared with on-bead digestion. In addition, the linker is
compatible with tandem labeling and target identification in living cells. More cathepsin
targets were identified in living cells compare to cell extracts indicating that the activity of
proteases may get lost while making cell extracts and emphasizes the necessity to use whole
cells for target identification.

In addition, we designed and synthesized five different cleavable trifunctional biotin reagents
containing diol, diazobenzene, hydrazone, disulfide and dde based cleavable linkers for
labeling and purification of alkyne-probe modified proteins. All the reagents except the
disulfide linker can selectively react with alkyne-E64 modified cathepsins. The labeled
proteins were enriched with streptavidin beads and eluted with their respective elution
conditions. The efficiency of immobilization and elution was profiled with fluorescent based

SDS-PAGE assays.
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Zusammenfassung

Zusammenfassung

Kleine molekulare Sonden sind niitzliche Werkzeuge um Zielproteine zu charakterisieren und
ihnen eine Funktion zuzuordnen. Die Entwicklung der bioorthogonalen Chemie erlaubte die
Anwendung von Tandem-Markierungsreaktionen fiir die Identifizierung von Zielproteinen in
situ. Die Anwendung von chemischen Sonden wird oft mit einer massenspektrometrischen
Analyse kombiniert, um Zielproteine zu identifizieren. Wéhrend des Arbeitsablaufes sind
Immobilisation und Elution wichtige Schritte in der Anreicherung der Zielproteine. Das
Biotin-streptavidin-system ist eine weit verbreitete Strategie, die fiir diesen Zweck verwendet
wird. Aufgrund der starken Interaktion zwischen Biotin und Streptavidin sind stringente
Bedingungen wéhrend der Elution noétig. Endogen-biotinylierte Proteine und unspezifisch
gebundene Proteine werden dabei mit den Zielproteinen zusammen eluiert. Einige Verfahren
wurden entwickelt um diese Probleme zu losen, indem die Bindungsaffinitit zwischen Biotin
und Streptavidin reduziert wird, etwa durch Optimierung des Waschschrittes, der Synthese
eines Biotin-Analogs oder einer Streptavidin-Mutante. Ein weiteres vielversprechendes
Verfahren dieses Problem zu I16sen ist die Verwendung eines spaltbaren Verbindungsstiicks.

Um ein einfach und effizient spaltbares Verbindungsstiick fiir aktivitétsbasierte Sonden zu
entwickeln, wurde ein spaltbarer Baustein synthetisiert, der sich von 2,3-
Dihydroxybutandisédure ableitet. Dieser Baustein wurde sowohl in eine Aktivititsbasierte
Sonde als auch in ein klickbares Biotin-Reagenz fiir Tandem-Markierungsversuche eingebaut.
Papain-artige Cysteinproteasen wurden markiert und an Streptavidin-Agarose-Kiigelchen
immobilisiert, was dann chemoselektive Elution unter milden Bedingungen ermdglichte. Die
Menge an Hintergrundproteinen waren bei der chemischen Elution viel geringer verglichen
mit dem Verdau direkt am Agarose-Kiigelchen. Zusitzlich ist das Verbindungsstiick mit
Tandem-Markierungsreaktionen und der Zielproteinbestimmung in lebenden Zellen
kompatibel. Es wurden mehr Cathepsin-Zielproteine in lebenden Zellen identifiziert als in
Zellextrakten. Dieses Ergebnis zeigt, dass die Aktivitdt von Proteasen bei der Herstellung von
Zellextrakten verloren gehen kann verdeutlicht dass es wichtig ist, ganze Zellen fiir die

Zielproteinidentifikation zu verwenden.
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Zusammenfassung

Zusétzlich haben wir fiinf verschiedene trifunktionale Biotin-Reagenzien entwickelt und
synthetisiert, die diol, diazobenzen, hydrazon, disulfid und dde-basierte spaltbare
Verbindungsstiicke fiir die Markierung und Reinigung von durch Alkyinsonden modifizierte
Proteine haben. Alle Reagenzien mit Ausnahme der Disulfid-Verbindungsstiicke konnen
selektiv mit Alkin-E64-modifizierten Cathepsinen reagieren. Die markierten Proteine wurden
mit Streptavidin-Agarose-Kiigelchen angereichert und unter den spezifischen Bedingungen
eluiert. Die Effizienz der Immobilisation und der Elution wurde mit Hilfe -eines

fluoreszenzbasierten SDS-PAGE Assays analysiert.

VIII



Introduction

1 Introduction

1.1 Chemical probes for protein profiling

Genome sequencing projects have provided the chance to decode the genome of several kinds
of eukaryotes and prokaryotes. The big challenge in the post-genomic era is the
characterization of functions of proteins encoded by the genome. The function of proteins is
related to the sequence and structure of these proteins. It is well appreciated that post-
translational modifications enhance the structural and functional complexity of proteins.
Furthermore, the protein function may be regulated by the interaction with DNA, lipids or
other proteins. However these regulatory effects are not considered during the characterization
of protein function with its purified form in vitro. To overcome this drawback, chemical
proteomics is one of the systematic ways to study protein function in complex biological
systems (1). Chemical probes based on bioactive molecules are useful tools for detection,
location and isolation of proteins in chemical proteomics (2). Mass spectrometry
instrumentation and bioinformatic tools facilitate the downstream identification and
quantification of isolated proteins.

Chemical probes are designed based on the interactions between small molecules and proteins.
The three necessary components of covalent chemical probes are a covalent binding motif, a
detection and/or purification tag and a linker (3, 4) (Figure 1). A binding motif is responsible
for the interaction between probes and target proteins. The tag is utilized for visualization
and/or purification. The tags can be attached to the ABPs by a linker which can have different
functions such as cleavability or increase of the solubility of probes. In tandem labeling, a
binding motif is functionalized with bioorthogonal handle so the probe-protein complex can be
subsequently labeled with tags under the influence of bioorthogonal chemistry.

Using chemical probes, protein targets can be visualized and profiled by gel based assays or
imaged in living cells or organisms (5). Chemical probes can also be used in high throughput

screening for discovery of new inhibitors of enzymes (6, 7). The utilization of chemical probes
1



Introduction

has also facilitate the discovery of biochemical pathways (8) and function of the enzyme (9).
In addition, chemical probes are useful tools for decoding the mechanism of phenotypic
changes in cells or organisms induced by small molecules (10). The unknown protein targets
of small molecule can be labeled and isolated from proteomes and sequenced by MS analysis

The technology afforded the chance to develop drugs and identify off-targets (11).

Tag Linker  Binding motif

Figure 1: General elements of chemical probes. 1) Binding motif is responsible for the interaction with
target protein; 2) Tag is used for visualization and affinity purification of probe-protein complex; 3)

Binding motif and tag are connected by a linker.

1.1.1 Activity based probes

Activity based probes (ABPs) are chemical probes which rely on the catalytic mechanism of
proteins and covalently bind to the active site of their targets. They specifically bind to the
active forms but not to the inactive forms of enzymes. The binding moiety of ABPs consists of
two structural elements: (1) a reactive motif named warhead to react with a specific residue of
the target proteins. (2) a group that tunes the selectivity (3, 12). ABPs are utilized in activity
based protein profiling (ABPP) to study enzyme function (3, 4).

1.1.1.1 Warhead

Electrophiles or latent electrophiles are key motifs in warheads responsible for covalent
binding to target proteins. The development of warheads has benefited from discovery of
protein reactive natural products and the research of irreversible inhibitors (13). For example,
Cravatt et al designed a broad-spectrum ABP for serine hydrolases based on

fluorophosphonate reagents which are irreversible inhibitor for serine hydrolases (14). DCG-

2
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04 is an ABP for papain-like cathepsins derived from E64, a natural product isolated from
mold Aspergillus japonicas (15). Since then, more electrophilic warheads have been
developed for different classes of enzymes (4, 13). Quinone methide, a latent electrophile, is
also a useful tool for the development of warheads for tyrosine phosphatases (16) and
glycosidases (17). The latent electrophile transforms into a reactive intermediate upon reaction

of the warhead in the active center of the enzyme (Figure 2).
1.1.1.2 Regulation of specificity

The specificity of ABPs is regulated by the recognition element which is usually derived from
the substrate sequences of target enzymes. The recognition element has the ability to drive the
probe to the active centre of the enzyme. Then the catalytic machinery of the enzyme enables
the formation of a covalent bond between the warhead and the active site (3). For example, the
selectivity ABP derived from diphenyl phosphonates is tuned by attachment of different
natural peptide sequences (18, 19). To broaden the possibility to find selective recognition

element, non-natural amino acids have also been incorporated (20).

1.1.2 Metabolic labeling based probes

Chemical probes derived from alkyne- or azido-functionalized metabolites such as amino
acids (21), lipids (22-26) and glycan (27, 28) can be incorporated into proteins by the
metabolic machinery of the cell. Identifications and quantifications of newly synthesized
proteins (21, 29) and posttranslational modifications such as lipidation and glycosylation

benefited from the development of these probes (30, 31) (Figure 2).

1.1.3 Affinity based probes

The recognition of affinity based probes by protein partners is based on the non-covalent
interaction. Since the interaction is reversible, incorporation of photoreactive functionalities
facilitates labeling and identification of low abundance and low affinity of protein partners (32,
33). Upon UV irradiation, highly reactive intermediates are generated which covalently, non-
specifically react with neighboring molecules. In addition, stringent washing can be carried
out in affinity purification of covalent probe-protein mixture due to the high stability of the

covalent interaction (Figure 2).
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1.1.4 Linkers

The incorporation of linkers to chemical probes is not only utilized to reduce the steric effects
of the tag on activity of probes. The steric effect of the target protein to affinity beads during
immobilization can also be reduced. Polymethylene and polyethyleneglycol (PEG) are mostly
used as flexible linkers in chemical probes. PEG linker is more hydrophilic and hence
increases the solubility of chemical probes and reduces the non-specific binding proteins (11).
In addition, rigid linkers such as polyproline (34) and triazoyl-phenyl linker (35) were
exploited to enable the binding of chemical probes to bulky proteins.

1.1.5 Tags

The tags are necessary elements for the subsequent detection after labeling of target proteins.
Fluorophores are incorporated into ABP for easy and sensitive visualization. The labeling
targets can be detected in cell or whole animal by fluorescence microscopy (36). The proteins
can also be separated by 1D or 2D SDS-PAGE for gel based visualization and purification.
New tools for chemical proteomics have been developed based on fluorophore imagining.
Quenched activity based probes (37) and activity-based near-infrared glucuronide trapping
probes (38) are designed as useful tools for in vivo and in situ imaging. Due to the different
wavelength of Cy3 and Cy$5, the combination of these fluorophores in chemical probes enables
to distinguish target proteins and background proteins (39). Since the availability of antibodies
for fluorophores, they have be used as an affinity handles for enrichment of fluorophores and
subsequently analyzed by MS (40).

Biotin can also be used for visualization of tagged proteins by biotin-streptavidin blot.
However, biotin is mostly used as an affinity handle for enrichment of labeled protein with
streptavidin beads. The strong interaction between biotin and streptavidin allows enrichment
of low abundant proteins by this system. Generally, harsh elution conditions are required for
elution. Alternatively, peptide sequences have been exploited as tag in chemical probes.
Hexahistidine-tag has been used as a tag in a cysteine reactive probes and the enrichment of
labeled proteins was achieved by incubation with nickel-NTA resin (41). In addition,
incorporation of a hemagglutinin tag in ubiquitin protein derived probes allowed the labeled
proteins to be detected by western blot with an anti-hemagglutinin antibody and purification

by immunoprecipitation (42).
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Figure 2: Representative chemical probes for chemical proteomics.

Radioisotope tags such as '*’I were incorporated into ABPs for gel based profiling (15). The
minimal structural modification of probes has no negative effect on the activity of probes. Cu-
64 labeled activity based probe has been used to image cathepsins in solid tumor in mice using

positron emission tomography (PET) imaging (43). Stable isotope-coded affinity tags (ICAT)
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are utilized to label cysteine-containing proteins and quantify their abundance (44). Recently,
the reactivity of cysteine in cellular condition is quantified using isotopically labeled clickable

biotin reagents (45, 46).

1.2 Detection of protein targets in living cells

Usually, target discovery of chemical probes is carried out in cell extracts or tissue
homogenates. But functions of proteins, especially enzymes, often rely on protein-protein
interactions. The possible alteration of conformation of proteins occurring during the
generation of cell lysate may lead to loss of binding affinity between probes and target

proteins. Comparisons of labeling efficiency of phenyl sulfonate ester activity-based probes in

A) In vitro labeling

Lysis , Label ,
—_—) N

B) In situ labeling

>3 alkyne/azide pair |] biotin or fluorophore tag

2> cell permeable probe , target protein

Figure 3: The labeling of protein target in vitro and situ. A) in vitro labeling: cell lysate is generated and
subsequently incubated with probes. B) in situ labeling: cells are treated with probes and subsequently
lysed. Biotin or fluorescent tag can be attached to probe-protein complex under the influence of Copper-

catalyzed azide alkyne cycloaddition (CuAAC).

lysate and living cancer cells revealed that the activities of some enzymes were weaker in

lysate and some enzymes were only identified in living cells (47). Hence, target identification
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in living cells or organisms overcomes the drawbacks of in vitro experiments.

There were several successful examples showing that fluorophore tagged probes can be used
to labeling targets in living cells (48, 49). However, treatment with high concentration of
probes is usually required and it may lead to non-specific binding. In addition, the low
solubility of biotin and fluorophore tagged probes is a problem to obtain high concentration of
probes. Hence, target labeling with biotin and fluorophore tagged probes is mainly restricted
to in vitro experiments.

Several different strategies have been developed to circumvent this problem. Latex beads have
been used as tools to increase the uptake and allow detection the activity of cathepsins with
DCG-04 (50). The incorporation of cell-penetrating peptides into chemical probes is also a
promising strategy for cellular targets detection (36). Tandem labeling strategy is the most
widely applied method for labeling of intact cells (47, 51). The strategy benefits from the
development of bio-orthogonal chemistries such as Staudinger ligation and CuAAC.
Appendage of a small tandem labeling tag to chemical probes has a minimal steric effect on
the activity and cell permeability of probes (52). Biotin and fluorophore tags can be

subsequently conjugated to probe-modified proteins in a lysate (Figure 3).

1.3 Chemoselective ligation reaction in chemical proteomics

1.3.1 Hydrazone and oxime ligation

The ligation reaction of aldehydes or ketones with hydrazides and aminooxy compounds
forms hydrazone or oxime moieties. Since aldehydes can be generated on N-glycoprotein by
periodate oxidation, hydrazide beads and biotin reagents are widely used to capture
glycoproteins in complex proteomes (53). Hahne and coworkers developed carbonyl-reactive
tandem mass tags to label and quantify N-linked glycans based on the ligation (54). The
proteins modified by 4-hydroxy-2-nonenal, a lipid peroxidation end-product, were tagged with
biotin hydrazides and enriched with streptavidin beads for MS analysis (55). Since the moiety
of hydrazone is not very stable, labeling was followed by reduction with NaCNBH; to avoid
the loss of label. Since the oxime is more stable than a hydrazone, the oxime ligation is
employed to label and visualization of sialylated glycoproteins in living cells (56). The
drawback of slow kinetics is overcome by using catalysts such as aniline (57), m-

phecylenediamine (58) and 4-amino-phenylalanine (59). Due to the existence of metabolite
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bearing aldehydes and ketones in natural biological systems, hydrazone and oxime ligations

are not ideal choices for target identification of small molecules.

1.3.2 Copper(l)-catalyzed azide-alkyne cycloaddition

Azide-alkyne cycloaddition can give triazoles, stable five-membered heterocycles, but the
reaction rate is low. To circumvent this problem, Sharpless and coworkers found that catalysis
of Cu(l) enhances the reaction kinetics (Copper-catalyzed azide alkyne cycloaddition) (60).
The reaction was further optimized by adding tris(benzyl-triazolylmethyl)amine (TBTA).
TBTA can accelerate the reaction rate, stabilize the Cu(l) oxidation state and reduce the
harmful effect of copper species in aqueous solution to protein and living cells (61). THPTA
(62) and BTTAA (63) have been developed later and show different reaction kinetics. THPTA
and BTTAA had better aqueous solubility and can be used at a higher concentration.
Validation of application of CuAAC for tandem labeling was carried out by Speers and
Cravatt (47, 51). The installation of azide or alkyne to probes is easily performed. Small
reactive group leads to minimal structural steric effect on the activity of chemical probes. The
rare occurrence of these two moieties in nature makes them suitable for two step labeling in
biological systems. Since then, it has been widely used in target identification in situ and in
vivo. The disadvantages of copper catalysis are the cellular toxicity and possible denaturation

of protein targets. Some copper-free ligation strategies were also used in chemical proteomics.

1.3.3 Staudinger ligation

The ligation of an azide with a phosphine resulting in a stable amide bond is called the
Staudinger ligation. The compatibility of the Staudinger ligation with bioconjugation has been
validated by Saxon and Bertozzi who reported the labeling and visualization of metabolically
incorporated azide-containing glycans in living cells (28). The applications of the Staudinger
ligation to identify targets of ABPs are also reported by different groups (64, 65). Due to the
different size and stability of the reactive partners, the azide moiety is incorporated into probes

for cellular labeling and the phosphine part is attached to affinity or fluorophore tags.
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Figure 4: Chemoselective ligation reaction in chemical proteomics.

1.3.4 Strain-promoted alkyne-azide cycloaddition (SPAAC)

Copper catalysis is not required in the reaction between cyclooctynes and azides. But the
reaction rate is quite slow. Structural modifications generated a series of more reactive
compounds such as DIBO (66), BCN (67) and MFCO (68). The efficiencies of biotin reagents
containing DIBO, BCN or MFCO for activity based proteasome labeling in cell extracts were
compared by Overkleeft and coworkers (69). Background labeling observed for all of these

reagents indicates that the selectivity of cyclooctyne reagents needs improvement.
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1.3.5 Diels-Alder reaction

Overkleeft and coworkers validated the Diels-Alder strategy in two steps labeling for ABPP
(70). Diene-derivatized proteasome probes or diene-derivatized cathepsins probe modified
proteins could react with maleimide-functionalized fluorophore tag. Alkylation of cysteine is a
necessary step prior to Diels-Alder labeling due to the side reaction of Michael addition

between cysteine and maleimide.

1.4 Capture and release strategy in chemical proteomics

Nowadays mass spectrometry instrumentations are quite sensitive and enable identification of
several thousand proteins from complex proteomes. However, it is still a challenge to directly
profile targets of small molecules by mass spectrometry analysis. Isolation of the protein

targets and reducing the complexity of samples is key step before MS analysis.

1.4.1 Affinity matrix with ligands

The ligands can be directly immobilized onto affinity beads which can be used to capture
protein partners of ligands in lysate from cell or organ. The simple affinity strategy has been
widely used to profile reversible binding targets of natural products and drugs (2, 71). During
this strategy, the interaction between proteins and ligands is mostly non-covalent binding.
Incorporation of diazirine-based photo reactive to affinity beads could allow the
immobilization of compounds to beads under covalent interaction (72). The proteins are eluted
with sample buffer or by free ligands. For elution of strong non-covalent binding partners,
sample buffer in combination with boiling should be used. In addition, label-free
quantification and quantitative proteomics based on isotope labeling have been utilized for

identification and profiling the activity of putative protein targets (73).

1.4.2 Affinity matrix with chemical ligation handle

The immobilization of chemical ligation handle for affinity purification has benefited from the
development of the bioorthogonal ligation methods. Hydrazide beads are simple and efficient
tools for the capture of proteins and peptides modified by aldehyde and ketone (53). Finn and
co-workers developed clickable agarose beads for immobilization of molecules under the
influence of CuAAC (74). In a recent combination with metabolic labeling, alkyne-resin has

been employed to capture azide-N-acetylglucosamine modified proteins in complex cell
10
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extract (27, 75). Cleavable linkers have been incorporated between matrix and ligation handle

for elution of proteins under mild conditions (76, 77).

1.4.3 Biotin-streptavidin interaction

The interaction between biotin and streptavidin is one of the strongest non-covalent
interactions known. Biotin-streptavidin based affinity system is widely used to immobilize low
abundant biotinylated proteins or peptides from complex mixtures. Target proteins can be
biotinylated by direct modification with biotinylated probes or clickable probes followed by
reaction with clickable biotin reagents. Harsh, denaturing conditions (SDS boiling) are
required to disrupt the interaction between biotin and streptavidin to release biotinylated target
proteins. Non-specific binding proteins, endogenously biotinylated proteins and streptavidin
will release simultaneously and lead to the contamination of the samples for subsequent MS
analysis. Gel based purification is necessary to reduce the background proteins and target
bands are excised for tryptic digestion (78). To circumvent this problem, streptavidin mutants
and several different biotin analogs such as 2-iminobiotin (79), 2’-thiobiotin (80),
desthiobiotin (81) and N3’ethyl biotin (82) were developed to reduce the binding affinity of
streptavidin and biotin. The lower binding affinity allowed the immobilized proteins released
under more mild conditions. Fox example, N3’ethyl biotin modified proteins could be released
by incubation with buffers containing 2 mM of biotin. However, the lower binding affinity
may lead to the inefficient immobilization of low abundant target proteins. In addition, the

targets may get lost during the stringent washing steps for cleaning of background.

1.5 Cleavable linker in chemical proteomics

1.5.1 Application of cleavable linker in chemical proteomics

Application of cleavable linkers is a promising strategy for reducing background proteins (83,
84). Incorporation of cleavable linkers to affinity matrix or biotin reagents allows the elution
of protein under mild conditions. Mild elution conditions can reduce the contamination of non-
specifically bound proteins and endogenously biotinylated proteins. The proteins released by
mild conditions can be submitted to solution digestion for subsequent MS analysis without gel
based purification. Furthermore release of biotin is helpful for identification of from probe-

modified peptides (83). An ideal linker should be stable enough in cell extract and different

11
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buffer systems. The cleavage condition should be mild and not denature the streptavidin and

background proteins.

A) SDS boiling strategy in affinity purification

’ label ‘.? pull down __@ SDS boiling [|—>, ?
T a9 Q =
Proteome

B) Cleavable linker strategy in affinity purification

Q.? , M‘. [';_», M,WH ’ mild cleavage }_»,

Proteome

[ biotin o streptavidin beads 9 arget protein

> chemical probe —3— cleavable linker <= non-specific binding protein

? endogenous biotinylated proteins

Figure 5: Comparison of SDS boiling elution with chemical selective elution. A) SDS boiling strategy:
Target protein is labeled with biotinylated probe. During the incubation with streptavidin beads, probe-
protein complex, endogenously biotinylated proteins and non-specific binding proteins bound to
streptavidin beads. SDS boiling leads to the elution of all the proteins together. B) Cleavable linker
strategy: Target protein is labeled with cleavable probe. During the incubation with streptavidin beads,
probe-protein complex, endogenously biotinylated proteins and non-specific binding proteins bound to

streptavidin beads. Mild cleavage condition leads to the elution of only probe-protein complex.

1.5.2 Chemical cleavable linker
Disulfide based linkers are sensitive to mild reducing reagents such as DTT, TCEP and BME

which are biocompatible (21, 85). Clickable biotin reagents containing disulfide have also
been utilized to identify the protein targets in living cell (21). The liability of the linker to free

thiols such as free cysteine residues may lead to loss of target proteins and an increase in non-

12
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specific labeling. Alkylation of the free cysteines with iodoacetamide prior to labeling is a way
to circumvent this drawback (85). In addition, sterically hindered modifications have been
introduced to the disulfide linker to increase its stability, resulting in sensitivity to TCEP
reduction but not to DTT reduction (86).

The application of diazobenzene-derived linker in chemical proteomics has been reported by
different groups (84, 87). In addition, clickable diazobenzene derivatives were attached to an
agarose matrix which was functionalized with affinity ligands for protein capture and release
(76). Structural optimization has led to new diazobenzene linkers such as the 2-(2-alkoxy-4-
hydroxy-phenylazo) benzoic acid scaffold which is more sensitive to sodium dithionite (88).
The ester bond-based cleavable linker in the biotinylated probe allowed the immobilized
proteins to be released with an alkaline buffer (pH=11) (89). More alkaline liable cleavable
linkers based on benzoyl esters were developed and introduced to thiol reactive biotinylated
probes to enrich cysteinyl peptides. The linker is stable in pH=4.5 buffer but rapidly
hydrolyzed at higher pH (90). The high sensitivity of this linker to pH may limit its
applications. In addition, the ester-bond can be cleaved by nucleophiles such as hydroxyl
amine. The drawback of above ester bond-based cleavable linker is premature cleavage due to
the alkaline and nucleophiles liability. The levulinoyl ester was successfully developed as a
cleavable linker to overcome these drawbacks. The intrinsic base-lability was avoided by
application of ortho-isopropyl groups to the ester. The novel linker is stable in cell extracts and
different buffer systems and compatible with tandem labeling (91). However, the multistep
organic synthesis is a drawback for the generation of this linker.

TFA cleavable linkers have also been applied in chemical proteomics (92-94). The high
concentration of TFA will denature proteins and may lead to the release of non-specific
binding proteins. The efficiency of TFA cleavable linkers in reduction of non-specific binding
proteins has not been reported yet. A more acids liable linker based on diphenyldialkoxysilane
was developed (85). The immobilized proteins were nearly quantitatively recovered in 30min
with 10% formic acid. Although this condition is milder than the TFA solution, SDS solution
is preferable used to wash beads to recover precipitated proteins due to low pH.
Acylhydrazone is a motif used in drug delivery systems since it is stable under neutral
conditions but hydrolyses under moderately acidic conditions. The acylhydrazone bond is
acquired by bio-conjugation of aldehyde with acylhydrazine. The bio-conjugation is widely

used in immobilization and elution of aldehyde containing proteins with hydrazine beads (53,
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95). The incorporation of this motif into an azido biotin reagent was carried out by Kohn et al.
Azido-acylhydrazone-biotin labeled proteins were selectively released through hydrazone
exchange with acylhydrazides (96). The drawback of this linker is the premature cleavage
induced by hydrolysis which makes it not suitable for bioconjugation. Another exchangeable
biocompatible linker based on bisaryl hydrazones overcomes this drawback. It is stable in mild
acidic solution but rapidly cleaves by hydroxylamine under the catalysis of aniline (97). Both
of above hydrazone-based cleavable linkers allowed the released proteins to be modified by
conjugation of nucleophiles. For example, isotope and fluorescent tags could be incorporated
into the released protein for subsequent detection.

A novel cleavable linkers based on the malondialdehyde-indole condensation reaction was
utilized to affinity purify the targets of bosutinib, a kinase inhibitor (98). The immobilized
proteins were eluted with 100 mM of pyrrolidine. However, acidic conditions should be
avoided with the cleavable beads due to the presence of an acylhydrazone which may lead to
hydrolysis.

Fukuyama et al developed a cleavable linker based on the motif of nitrobenzenesulfonamide.
The linker was more easily cleaved by BME under mild alkaline buffer. To validate the
application of this linker in chemical proteomics, it was introduced to a photoaffinity probe to
label y-secretase in HeLa cell lysate (99). The labeled protein was fully enriched on
streptavidin beads but only partly eluted by BME. More efficient sulfonamide-based cleavable
linker was developed for diazirinyl photoprobes. The linker is stable but becomes liable to

hydroxylamine after the activation by iodoacetonitrile (100).

1.5.3 Photo cleavable linker

In 1995, a photo cleavable biotin derivative based on ortho-nitrobenzyl compound was
synthesized to capture biomolecules. UV (A> 300 nm) exposure can fully photolyse this
structure in 5 min (101). The advantages of the photo cleavable linker such as high selectivity,
time economical and no need for chemical led to these derivatives to be widely applied in
chemical proteomics. The drawback of the linker is the undesired modification of target
proteins by highly reactive aromatic nitroso compounds during cleavage. An UV cleavable
biotin reagent containing benzoin ester based cleavable linker was applied to study the
modification site of 4-hydroxynonenal on plasma proteins (102). Alkaline hydrolysis based

cleavage may lead to premature cleavage of the linker (90). A phenacyl ester based cleavable
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linker was introduced to clickable biotin reagents. Evaluation of cleavage efficiency indicated
that the linker was readily cleaved when exposed to wavelengths at 250 nm (103). However,
these wavelengths can lead to photo damage. Hence the linker has not been used in protein

purification yet.

1.5.4 Enzyme cleavable linkers

Besides photo and chemically cleavable linkers, enzymatically cleavable linkers also represent
useful tools in chemical proteomics. One of the drawbacks of on-bead digestion is the missing
of peptides modified with biotinylated probes due to the strong interaction between biotin and
streptavidin. The incorporation of a trypsin cleavable linker into biotin reagents could
circumvent this problem (104). However, target proteins, non-specific binding proteins and
endogenously biotinylated proteins would be digested together during on-bead digestion. The
peptide sequences from background proteins complicate the subsequent analysis. Clickable
biotin tags with a tobacco etch virus protease (TEV) cleavable site were tested in activity
based profiling by Carvatt et al (83, 105). The high selectivity of this protease enabled the
target proteins to be selectively released from the beads. The length between biotin and the
TEV cleavage site can affect the release efficiency. However, the TEV cleavable linker was
not very efficient in a new capture-and-released system based on the ligation between the Halo
Tag fusion protein and hexylchloride (106). The liability of protease cleavable linker to
endogenous proteases should be considered when applied in chemical proteomics. Hatanaka et
al introduced a V8 protease cleavable linker to a photoaffinity probe of chymotrypsin (107).
To prevent the premature cleavage of this linker, the carboxylic acid side chain of glutamic
acid was protected with methyl ester. The enzymatic cleavage could only be carried out after
the alkaline hydrolysis of methyl ester with aqueous of NaOH. Besides peptide sequences as
cleavable linkers, DNA-based linkers have been applied in the biotin-streptavidin system
(108). Recently, the incorporation of automatically synthesized single strand DNA-based
cleavable linker in biotin reagents was used to label and identify alkyne-tagged glycoproteins

by exploiting CuAAC (109).
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Table 1: Cleavable linkers for chemical proteomics
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Table 1: Cleavable linkers for chemical proteomics (continued)
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2 Aims of this work

Application of cleavable linkers afforded the chance to reduce background proteins in biotin-
streptavidin system and several cleavable linkers have been developed. But simple and
efficient cleavable linkers are still called for. The overall goal of this thesis was the
development and application of cleavable linkers in chemical proteomics. Firstly, we report
the application of vicinal diol cleavable linker, based on tartrate, in chemical proteomics. The
diol cleavable building block was synthesized in two steps and introduced into the activity
based probe DCG-04 by solid phase synthesis. To show the compatibility of the linker with
tandem labeling strategy, a clickable biotin reagent containing the diol linker was synthesized.
The efficiency and chemoselectivity of chemical elution of target proteins was compared with
SDS boiling elution. We evaluated the efficiency of this linker in reducing background
proteins by comparison of chemical release and on-bead digestion. The cathepsin targets of
azido-E64 in RAW cell extract and in living RAW cells were compared.

Secondly, since tandem labeling strategies are helpful to study protein targets in situ and in
vivo, different cleavable trifunctional biotin reagents were designed and synthesized. Each
reagent contains an azido-handle to react with alkyne-probe modified proteins, a biotin for
purification by streptavidin beads, a fluorescent tag for sensitive visualization of target
proteins and a PEG linker to increase the solubility of tags. We studied the efficiency and
selectivity for labeling of alkye-E64 modified protein in cell extract with different trifunctional
reagents. We then investigated the efficiency of immobilization of labeled proteins. The
enriched proteins were eluted under mild chemical conditions and SDS boiling to see the

elution efficiency and chemical selectivity.
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3 Results and discussion

3.1 Application of diol cleavable linker in chemical
proteomics

The cleavage of a vicinal diol with NalO, is shown in Scheme 1 (110). The cleavage results in
the formation of two aldehyde parts. Due to the mild cleavage conditions and high cleavage
efficiency, this reaction has many applications in chemical biology research. For example, it
was used as a cleavable-cross linker for the detection of protein-protein interactions (111).
This linker has also been used to synthesize peptoids (112). Furthermore, this linker was used
as a hydrophilic linker to reduce non-specific binding proteins in affinity chromatography

(113).

R 4 10, ? |O
1%R2 _4> R']) + R) + _|03 + HZO
OH 2

Scheme 1: Oxidation of NalO,4leads to the cleavage of vicinal diol.

3.1.1 Synthesis of a diol cleavable linker and incorporation into

chemical probes

3.1.1.1 Synthesis of cleavable building block

L-tartaric acid is a commercially available, inexpensive compound. In order to incorporate the
L-tartrate-based cleavable linker into chemical probes and clickable biotin reagents, we
transformed L-tartrate to methyl-2,3-O-isopropylidene-L-tartrate as a cleavable building block
in two straightforward protecting group manipulation steps (Scheme 2). Since the reaction is
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easily handled and the starting material is inexpensive, the building block can be synthesized
on a large scale.

In order to convert L-tartrate into a synthetic building block, two hydroxyl groups and one of
the carboxyl groups should be protected. Acetonide is the most common protection group for
1,2-diols. It is easily removed by hydrolysis with aqueous acids. The stability of the acetonide
is compatible with Fmoc-based solid phase peptide synthesis. Furthermore the deprotection of
acetonide can be achieved simultaneously with the removal of the peptide from a resin with
TFA solution. Methyl ester was selected as carboxyl protective group since it can be
introduced in the same reaction as the acetonide. These two different kinds of protective group
were introduced via reaction with methanol, 2, 2-dimethoxypropane, and a catalytic amount of
p-toluenesulfonic acid at elevated temperature. After work-up, the fully protected tartrate was
purified by means of vacuum distillation and obtained as light yellow oil in 74% yield. Next,
one methyl ester was saponified through reaction with one equivalent of potassium hydroxide
in MeOH. Building block 2 was isolated via extraction as colorless oil in 63% yield. Building

block 2 can be used in subsequent reaction without further purification.

QH o MeO 0 o MeO O o
HO ~ OH a b
H —_— o’ OMe (O OH
O OH )TS )Té
L-tartrate
1 2

Scheme 2: Synthesis of the diol cleavable building block, a) dimethoxy-propane, pTsOH, 74%; b) 1 eq
of KOH in MeOH. 63%.

3.1.1.2 Design of diol cleavable linker containing probes and clickable

biotin reagents

Synthetic building block 2 can be used both in solution and solid phase synthesis. To illustrate
this, we introduced this diol cleavable building block to DCG-04 (15), an activity based probe

for cysteine proteases, by solid phase synthesis. The structure of DCG-04 is shown in Figure 2.
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Diol-DCG-04 is a cleavable version of DCG-04 which allows the enriched proteins to be
chemically released from streptavidin beads (5, Scheme 4). A diol-DCG-04 with a TMR
fluorophore (7, Scheme 5) was also synthesized to make the released proteins sensitively
detectable by in gel fluorescent scanning (84). We also synthesized biotin-diol-azide (8,
Scheme 6) by solid phase and biotin-diol-alkyne reagent (11, Scheme 7) in solution phase for

ligation with azide or alkyne modified proteins, respectively.
3.1.1.3 Synthesis of diol-DCG-04

These compounds are easily assembled via Fmoc-based solid phase synthesis which has some
advantages over solution phase synthesis: the byproducts and coupling reagents can be easily
filtered away and only one purification step is performed to get the final products. Rink amide
resin was selected as solid support for solid phase synthesis. The Fmoc group was removed by
20% piperidine in DMF (Figure 6) and the resin was washed with DMF. The resulting amine
was subsequently coupled to the next building block. The deprotection and coupling steps

were repeated until the final product was assembled. The products were cleaved from resin

using TFA solution.
(0] o
o/\ W o _Aweo OMe J_o_~weo OMe
AROY o LI
H deprotection
Rink amide resin -
HNYO NH,
o coupling handle

GO

Figure 6: Fmoc deprotection of Rink amide resin with 20% piperidine in DMF.

The warhead of diol-DCG-04 and TMR-diol-DCG-04 is ethyl (2S, 3S)-epoxysuccinate (4)
which was synthesized starting from diethyl-D-tartrate as described (15). For synthetic details,
the reader is referred to the material and methods part.

Elongation of Rink resin with Fmoc-biotinyl-lysine and cleavable building block 2 under the
influence of DIC/HOBt was followed by treatment with neat 1,8-diamino-3,6-dioxaoctane,
which replaced the methyl ester of the tartrate under formation of an amide bond. Further
clongation was achieved with Fmoc-tyrosine, Fmoc-leucine, and ethyl (2S, 3S)-
epoxysuccinate (4). Diol-DCG-04 (5) was cleaved from the resin and purified via HPLC.
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Scheme 3: Synthesis of ethyl (2S, 3S)-epoxysuccinate. a) 33% HB1/AcOH, overnight; b) acetyl
chloride, reflux, 6 h; ¢) DBU, 2 h; d) 1 eq of KOH.
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Scheme 4: Synthesis of diol-DCG-04 (5). a) 20% piperdine in DMF, then Fmoc-Lys(biotin)-OH, DIC,
HOBt and 20% piperdine in DMF; b) diol cleavable building block 2, DIC, HOBt; ¢) 1,8-diamino-3,6-
dioxaoctane, overnight; d) Fmoc-Tyr(tBu)-OH, DIC, HOBt then 20% piperdine in DMF; e) Fmoc-Leu-
OH, DIC, HOBt then 20% piperdine in DMF ; f) ethyl (2S, 3S)-epoxysuccinate, DIC, HOBt; g) TFA :
TIS: H,O (90% : 2.5% : 7.5%) 3h, then precipitation with cold diethyl ether and purification by HPLC;

17% after purification.
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3.1.2 Detection of cleavage of diol-DCG-04 by LC-MS

HO\©\
o H (?)H o o H : [e] H H% OO
HoN NN/\/ \/\O/\/ Y\N MOB
2 H H
O OH o o H
S
HN -
N

H
NH

N

0 HN

(e}
lNaIQ,
RN
N + HJ\N/\/ \/\O/\/ T]/\N WJ\OE
PN , o H O H

o) o
SQA" Exact Mass: 622.2850
HN NH

Exact Mass: 427.1889

Figure 7: Structures of cleavage products of diol-DCG-04.

We tested whether the diol cleavable linker within the context of a probe could be cleaved by
periodate. To this end, we incubated diol-DCG-04 with 10 mM sodium periodate in SP buffer
(pH 7.4) for 2 h. The cleavage products were purified with a C18 spin column and dissolved in
0.1% FA in 50% ACN/H,O. The nature of the cleavage products was analyzed with LC-MS.
We observed formation of the aldehydes, which are the expected cleavage product, as well as
the hydrate of the aldehydes (Figure 8A).

Aldehydes can react with primary amines resulting in imines. If aldehyde groups of the
chemically released proteins react with amines of streptavidin, the protein will fail to be
released from streptavidin beads. In order to check if this reaction occurs between the
aldehyde parts generated from the probes and proteins or peptides, the peptide bradykinin was
taken as a model peptide to test this. As a control, bradykinin was treated with 10 mM sodium
periodate for 2 h. The LC-MS spectra showed there were no side effects to bradykinin (Figure
8B). In order to see if the cleavage product of diol-DCG-04 reacted with bradykinin, a mixture
of diol-DCG-04 (2 uM or 10 uM) and bradykinin (2 uM or 10uM) was treated with NalO,4 (10
mM) for 2 h. There was no reaction observed between the cleaved diol-DCG-04 and the amino
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functions of bradykinin (Figure 9A and Figure 10). The sample was tested again after 24 h
incubation at room temperature (Figure 9B), with no indication of side products. This result
means that chemical release and tryptic digest samples can be safely stored before analysis

takes place.
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Figure 8. LC-MS analysis of effect of NalO, on diol-DCG-04 and bradykinin. A) Cleavage of diol-
DCG-04 by 10 mM of NalO,4 in SP buffer B) Bradykinin was treated with 10 mM of NalO, in SP buffer.
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Figure 9: LC-MS analysis of NalO, on the effect of mixture of diol-DCG-04 (2 uM) and bradykinin (2
pM) in SP buffer. A) The mixture of bradykinin and diol-DCG-04 was treated with NalO, B) The

sample was kept overnight at room temperature and analyzed again.
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3.1.3 Labeling of cathepsins in rat liver proteome

A DCG04 + - - B)
Diol-DCG-04 - + + Diol-DCG-04 - +
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kDa kDa
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64
50 — 64
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Cathepsins
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Figure 11: Diol-DCG-04 and DCG-04 labeled cathepsins in rat liver lysate. A) Rat liver lysate was
treated with diol-DCG-04 and DCG-04 (1uM, 0.5h). Labeled cathepsins in rat liver lysate and the
proteins were visualized by streptavidin western blot. The diol-DCG-04 labeled cathepsin bands are
competed by pretreatment with the cysteine protease inhibitor JPM-OEt (50 pM, 0.5h). B) Rat liver
lysate with or without labeling with diol-DCG-04 (1uM, 0.5h) were separated by SDS-PAGE and

proteins were visualized with streptavidin western blot.

To demonstrate that the diol-containing cathepsin ABP diol-DCG-04 retains the activity of the
parent compound DCG-04, we first made a direct comparison of diol-DCG-04 with DCG-04.
In a rat liver proteome, which contains a variety of previously identified cathepsins, both
probes yielded a similar, activity-based labeling pattern. Pretreatment of JPM-OEt, an
inhibitor of papain like cathepsins (114), can fully inhibit the activity of cathepsins and diol-
DCG-04 failed to label them, indicating that the cleavable linker does not influence the
specificity and potency of the ABP (Figure 11A). In order to make sure the top two bands are
endogenously biotinylated proteins, rat liver lysate without any labeling was loaded on SDS-
PAGE. Biotin-streptavidin western blot clearly shows that the top two bands are endogenous
biotinylated proteins (Figure 11B). The high abundance of endogenous biotinylated proteins
highlights the importance of the application of cleavable linkers.
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3.1.4 Test of capture and release efficiency of diol-DCG-04 with

small amount of proteome

From the results in above experiments, we know diol-DCG-04 can label the same cathepsins
as DCG-04 in rat liver lysate. Next, we would like to see if diol-DCG-04 can be used for
efficient affinity capture of cathepsins from a complex proteome. In addition, the elution
efficiency of the chemical cleavage was compared to a standard release by boiling in SDS
sample buffer. The endogenously biotinylated proteins and probe-labeled proteins were
visualized by biotin-streptavidin blot. Both probe-labeled cathepsins were fully enriched onto
streptavidin beads since there were no cathepsins bands visible in the supernatant lane. The
immobilized streptavidin beads were washed with PBS to make sure no cathepsins non-
specifically bind to the beads. Afterwards the immobilized streptavidin beads were divided
into equal amounts. One part was treated with 1 mM of NalO,4 and subsequent boiled to check
the efficiency of the chemical release. One part was directly boiled as a control. SDS boiling
can efficiently elute all probe-labeled cathepsin from the beads. For both probes, there were no
cathepsin bands in the NalO, treatment lanes but the involved mechanisms are different. For
DCG-04 samples, subsequent boiling show the same intensity of cathepsin bands as directly
boiling. These results confirm that NalO4 does not disturb the interaction between biotin and
streptavidin. For diol-DCG-04, subsequent boiling yields no cathepsins bands. It means diol-
DCG-04-labeled cathepsins had already been released from the beads by NalO,. Due to
cleavage of the diol linker, biotin still retained on the streptavidin beads. The released
cathepsins cannot be visualized by biotin streptavidin blot due to the loss of biotin.
Collectively, these results confirm that diol-DCG-04 enables the capture of cathepsins from a
proteome. NalO, selectively elutes diol-DCG-04 labeled cathepsins without disrupting the

interaction of biotin and streptavidin (Figure 12).
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Figure 12: Enrichment of cathepsins from rat liver lysate and elution from streptavidin beads.
Cathepsins labeled by diol-DCG-04 (left gel) or DCG-04 (right gel) can be efficiently pulled down by
streptavidin beads (compare lanes 1 and 2). They are released by boiling (Lanes 4). Treatment with
NalO, (lanes 3) does not show any cathepsin bands, since they have lost their biotin (diol-DCG-04; left
gel) or are not eluted (DCG-04; right gel). Subsequent boiling of these samples releases the remaining
biotinylated proteins. For DCG-04, both endogenously biotinylated proteins and probe labeled
cathepsins are eluted in the subsequent boiling. For diol-DCG-04, only endogenously biotinylated are
eluted, indicating efficient release of diol-DCG-04 labeled proteins by NalO,.

3.1.5 Synthesis and evaluation of TMR-diol-DCG-04

In the last section, the capture and release efficiency of diol-DCG-04 was analyzed by
streptavidin blot. Though streptavidin blot is sensitive for the detection of biotinylated proteins,
diol-DCG-04-labeled cathepsins released by NalO, could not be visualized due to the absence
of biotin. Hence, TMR-diol-DCG-04 was designed and synthesized. Compared with diol-
DCG-04, a fluorescent tag was incorporated between the cleavable linker and the reactive
group. The biotin of released protein still gets lost but remains attached to the fluorescent tag

which allows the protein to be visualized by in-gel fluorescent scanning (84).
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3.1.5.1 Synthesis of TMR-diol-DCG-04
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Scheme 5: Synthesis of TMR-diol-DCG-04. a) 20% piperdine in DMF, then Fmoc-Lys(biotin)-OH,
DIC, HOBt and 20% piperdine in DMF; b) diol cleavable building block 2, PyBOP, DIEA; ¢) 0.25M
KOH in EtOH, 2 x 20 min; Then wash with 1% AcOH in EtOH and DMF; d) mono Fmoc-ethylene
diamine, PyBOP, DIEA; then 20% piperdine in DMF; e) Fmoc-Lys(Boc)-OH, DIC, HOBt; then 20%
piperdine in DMF; f) Fmoc-8-amino-3, 6-dioxaoctanoic acid, DIC, HOBY; then 20% piperdine in DMF;
g) Fmoc-Tyr(tBu)-OH, DIC, HOBt; then 20% piperdine in DMF; h) Fmoc-Leu-OH, DIC, HOBt; then
20% piperdine in DMF; i) ethyl(2S, 3S)-epoxysuccinate, DIC, HOBt; j) TFA: TIS: H,O (90%: 2.5%:
7.5%) 3h. then precipitation with cold diethyl ether and purification with by HPLC. k) cleavable
building block 6, 5(6)-carboxytetramethylrhodamine succinimidyl ester and DIEA; 56% HPLC
purification.
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TMR-diol-DCG-04 was synthesized by a combination of solution and solid phase synthesis.
After the coupling of Fmoc-Lys(biotin)-OH and cleavable building block, the resin bound
intermediate was treated with 0.25 M KOH to deprotect the methyl ester protecting group,
which was followed by washing with 1% AcOH in EtOH and DMF. Fmoc-Lys(Boc)-OH was
introduced to provide an amine function for later coupling of 5(6)-
carboxytetramethylrhodamine succinimidyl ester in solution. The other elements were
introduced by standard solid phase synthesis. The build block was removed from resin and
5(6)-carboxytetramethylrhodamine succinimidyl ester was coupled to amine of lysine in

solution which was purified with HPLC.
3.1.5.2 Capture and release cathepsins in RAW cell lysate

The active cathepsins were labeled by TMR-diol-DCG-04 and immobilized by streptavidin
beads. SDS boiling enables release of immobilized proteins which can be visualized by biotin-
streptavidin blot and fluorescent gel. NalO, released most of the immobilized cathepsins,

which is shown in the fluorescent gel but not in the streptavidin blot (Figure 13). These results

label SU release
NalO4(1mM), 0.1%SDS = = = + +
1TmM NalO4 - + + - -
SDS Boiling + - + - ¥
1 2 3 4 5
A)  kDa
33— |— -— — Catz
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Figure 13: Enrichment of cathepsins from RAW cell lysate with TMR-diol-DCG-04 and elution from
streptavidin beads. Cathepsins are labeled by TMR-diol-DCG-04 (1uM for 1h) (Lane 1) can be
efficiently pulled down by streptavidin beads (compare Lanes land 2). They are released by boiling
(Lanes 3). Treatment with NalO4 (1 mM) in SP (Lanes 4) or NalOy in SP with 0.1% SDS (Lane 6) show
the cathepsin bands in fluorescent gel but not in western blotting, since they have lost their biotin but
carried a fluorescent tag. Subsequent boiling of these samples release the remaining labeled proteins

(lane 5 and lane 7). Upper gel: fluorescent gel scanning. Lower gel: biotin-streptavidin western blotting.
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indicated that the elution by NalQ, is induced by cleavage of the diol linker. However, the
release was not very efficient since there was a little protein in the subsequent boiling lane in
fluorescent gel but not in western blot gel. It means the cleavable linker indeed cleaves by
NalO, but the released proteins bind to beads or tubes. A previous publication showed usage
of SDS to help keeping the released proteins in solutions (87). In our study, adding of 0.1%
SDS in cleavage solution released more protein than NalO,4 alone. Subsequent boiling lanes
did not yield any biotinylated cathepsins for both samples. 0.1% SDS has no effect on the
cleavage efficiency of NalO, treatment. The addition of 0.1% SDS recovered a little more
proteins should be due to the fact that it aids the solubilization of proteins or prevents them

from sticking to plastics (e.g. eppendorf tubes).

3.1.6 Capture and release cathepsins from rat liver proteome
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Figure 14: Comparison of chemical elution and SDS boiling elution of enriched rat liver lysate
cathepsins. (A) Selective (10 mM NalO,) or non-selective (SDS sample buffer boil) release of
cathepsins from streptavidin beads detected by silver staining. Boiling of the beads after selective
release does not elute additional cathepsin proteins. (B) Streptavidin western blot of the same samples
as in the silver staining. Note that the NalO, cleaved proteins are invisible due to the chemoselective

removal of the biotin part.

To evaluate the application of diol-DCG-04 for large scale protein capture and release in a

complex proteome, cathepsins in rat liver lysate were labeled with diol-DCG-04. The labeled
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cathepsins were captured by incubation with streptavidin beads. The enriched proteins were
eluted under two conditions: either selective elution with 10 mM NalO, or non-selective
elution by boiling in SDS sample buffer. The eluted proteins were separated by SDS-PAGE
and visualized by silver staining. Both elution samples show almost the same intensity of
cathepsins bands. Subsequent boiling of the periodate-treated sample didn’t release any
additional cathepsins, indicating quantitative elution induced by NalO, treatment. The
background protein of approximately 65 kDa was visible in both samples. However, a large
amount of free streptavidin along with a faint smear of non-selectively bound high molecular
weight proteins was detected in the SDS-treated sample, indicating that SDS boiling elution
results in more background proteins than chemical release (84, 96). The samples of each lane
were also subjected to SDS-PAGE and visualized with biotin streptavidin blot. Biotinylated
proteins were detected in SDS treated sample but not in NalO, treated sample indicating that
the cleavage of the diol linker led to proteins release in the NalO, treated sample (Figure 14).

To show if a lower concentration of NalO,4 could release proteins efficiently, the immobilized
probe-cathepsin complexes were treated with 1mM for 2 h at room temperature (Figure 15) or
ImM overnight at 4°C (Figure 16). Biotin-streptavidin blot shows that diol-DCG-04 labeled
cathepsins were fully immobilized by streptavidin beads. Proteins were released by NalO,
treatment and subsequent SDS boiling to see the efficiency of chemical elution. Unfortunately,

proteins only partially eluted under both conditions.

A Naloa(ImM)  + + B)
SDSBoil +

kDa

98—
64—
50—
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Figure 15: Elution of enriched rat liver lysate cathepsins with 1 mM of NalO, at room temperature (2h).
A) Selective (NalO,4, ImM) release of cathepsins from streptavidin beads detected by silver staining (left
lane). Subsequent boiling of the beads after selective release elutes additional cathepsin proteins (right
lane). B) Biotin-streptavidin western blot to detect the pull down efficiency. Cathepsins labeled by diol-
DCG-04 (left lane) can be efficiently pulled down by streptavidin beads (compare left lane and right

lane).

33



Results and discussion

A)  NalOa (1mMm) ¥ + B)
SDS Boil = +
label
KDa abel SU
98— p= kDa
64—~ - 64
50— 50
36— = 36
! Cathepsins {
-
16— & 16
;— Streptavidin

Figure 16: Elution of enriched rat liver lysate cathepsins with 1 mM of NalO, at 4°C (overnight). A)
Selective (NalO,, ImM) release of cathepsins from streptavidin beads detected by silver staining (left
lane). Subsequent boiling of the beads after selective release elutes additional cathepsin proteins (right
lane). B) Biotin-streptavidin western blot to detect the pull down efficiency. Cathepsins labeled by diol-
DCG-04 (left lane) can be efficiently pulled down by streptavidin beads (compare left lane and right

lane).

3.1.7 Identification of protein targets by mass spectrometry in rat

liver proteome

3.1.7.1 On-bead digestion and chemical elution based solution

digestion

Traditionally, identification of protein targets enriched by streptavidin beads can be performed
by elution with SDS boiling followed by SDS-PAGE and in-gel digestion (Figure 17). In
addition, on-bead tryptic digestion has also been carried out (64, 115). However,
endogenously biotinylated proteins, non-specifically bound proteins and streptavidin will
digest together with the target proteins during on-bead digestion. The digested peptides
originating from the background proteins can be a problem for the detection of low abundance
target protein identification. Cleavable linker based chemical release and solution digestion is
an attractive method as an alternative to on-bead digestion (83, 84). The elution from chemical
release can be digested with trypsin in solution (78, 83) or submitted to SDS-PAGE for in-gel
digestion (87, 116) (Figure 17). Gel based assay showed that periodate elution has less
contaminations than SDS boiling elution. The protein compatible elution buffer and the low

elution volume make it suitable for in-solution digestion. To further quantify the efficiency of
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background protein reduction, the samples of on-bead digestion and periodate release followed

by in-solution digestion were compared by LC-MS/MS.

SDS boiling ?['_" SDS-PAGE

, —

— in-gel tryptic digestion

——» on-beads tryptic digestion

SDS-PAGE = . L .
— > _ —— in-gel tryptic digestion

mild cleavage _
: 9 oy g —»[ ___

—— in-solution tryptic digestion

@ biotin o streptavidin beads , target protein

> chemical probe —3- cleavable linker <===» non-specific binding protein

? endogenous biotinylated proteins

Figure 17: The flow charts for elution and tryptic digestion of immobilized proteins for subsequent MS
analysis. A) For non-cleavable chemical probe: the immobilized proteins can be eluted with SDS
boiling, separated by SDS-PAGE and subjected to in-gel digestion. The immobilized proteins can also
be directly digested on beads. B) For cleavable chemical probe: the immobilized proteins can be eluted
under mild conditions and directly digested in solution. If necessary, the elution can be further purified

with SDS-PAGE and subjected to in-gel digestion.

3.1.7.2 Identification of targets of diol-DCG-04 in rat liver lysate

To show the application of the diol cleavable linker in gel free methods, protein targets of the
cleavable version of DCG-04 in rat liver lysate were enriched for comparison of on-bead
digestion and chemical release-based gel-free digestion. Hence, diol-DCG-04 was incubated
with rat liver lysate and probe-modified cathepsins were enriched with streptavidin beads. The

pull down efficiency was detected by biotin-streptavidin blot (Figure 18).
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To reduce the amount of non-specifically bound proteins, stringent washing steps with
detergent containing buffers are performed prior to chemical release or on-bead digestion (78,
85, 91). Therefore the beads were extensively washed by 1% SDS, 4M urea, 1M NaCl, 10%
EtOH and PBS to remove most non-specifically bound proteins. The streptavidin beads were
then divided into two equal aliquots. For on-bead digestion, proteins were digested with
trypsin followed by reduction of disulfide bonds and alkylation with iodoacetamide. For
chemical release and solution digestion, the beads were treated with NalO, cleavage buffer to
elute diol-DCG-04 labeled proteins. The elution was subjected to zeba spin column in order to
get rid of NalO, which may disturb the activity of trypsin. The elution from zeba spin column
was subjected to reduction and alkylation followed by trypsin digestion. The peptides were
purified by C18 column and subjected to LC-MS/MS analysis.
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Figure 18: Enrichment of cathepsins from a rat liver lysate for MS analysis. Cathepsins labeled by diol-
DCG-04 (left lane) were efficiently pulled down by streptavidin beads (compare left lane and right lane).

The identified proteins contain targets of diol-DCG-04 and background protein containing
endogenously biotinylated proteins and non-specific binding proteins. LC-MS/MS analysis
revealed the presence of 7 cathepsins in both chemical release and on-bead digestion samples.
Cat S and Cat L1 were identified in our research but not detected in the previous reports (117).
The sequence coverage of Cat L1 in the chemical release sample was less than on-bead
digestion, but the coverages of other cathepsins are nearly the same (Table 2). The mild
elution condition successfully avoids the contamination of endogenously biotinylated proteins.
The endogenously biotinylated proteins propionyl-CoA carboxylase alpha chain, carbamoyl-
phosphate synthase and pyruvate carboxylase were only detected in the on-bead digestion with
many unique peptides and high protein sequence coverage, but not in the chemoselectively

released sample (Table 3). This is direct evidence that the interaction of biotin and streptavidin
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was not disturbed by NalO, treatment. In the on-bead digestion sample, also a lot of non-
specifically bound proteins were found. Highly abundant cytoskeletal proteins, such as actin,
keratins and tubulins were identified in both samples. Overall, samples obtained by chemical
cleavage showed a nearly 80% reduction in background proteins compared to on-bead

digestion (Figure 22).

Table 2: Cathepsins identified in rat liver lysate. Listed are the number of unique peptides and the

sequence coverage (in brackets) of all cathepsin targets of diol-DCG-04 identified from a rat liver lysate.

Protein name | Accession number | Chemical cleavage | On-bead digestion
Cathepsin Z | QORIT3 10 (32%) 11 (30%)
Cathepsin B | P00787 9 (24%) 11 (28%)
Cathepsin C_| PS0067 7 (22%) 8 (23%)
Cathepsin H | PO0786 9 (26%) 8 (26%)
Cathepsin S | Q02765 3 (15%) 5 (17%)
CathepsinJ | Q63088 2(9.3%) 4 (14%)
Cathepsin L1 | P07154 2 (5.4%) 10 (32%)

Table 3: Endogenous biotinylated proteins identified in rat liver lysate. Listed are the number of unique

peptides and the sequence coverage (in brackets).

Protein name On-bead digestion | Chemical cleavage
Propionyl-CoA carboxylase alpha chain 52 (60%) 0 (0%)
Carbamoyl-phosphate synthase 24 (19%) 0 (0%)
Pyruvate carboxylase 13 (11%) 0 (0%)
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3.1.8 Application of diol cleavable linker in tandem labeling

Biotinylated chemical probes afford the chance for detection and purification of protein targets
in complex proteome. But most of these probes can only be used in cell or organ extracts and
not in living cells due to the low cell permeability. To overcome this problem, the tandem
labeling strategy developed by Cravatt allows wide application of chemical probes in cells or
in vivo (47, 51). To combine the tandem labeling strategy and cleavable linker strategy,
several cleavable linkers were introduced to clickable biotin reagents for identification the
cellular targets (83, 85, 87, 96, 102, 109).

In order to show the application of the diol linker in tandem labeling, we synthesized biotin-
diol-azide (8) and biotin-diol-alkyne (11) for ligation with the clickable probe-protein complex.
E64 derived probes, azido-E64 (14) and alkyne-E64 (16) were synthesized and label

cathepsins in complex proteome to validate the applications of biotin diol reagents.

3.1.8.1 Synthesis of biotin-diol-azide
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Scheme 6: Synthesis of biotin-diol-azide. a) 20% piperdine in DMF, then Fmoc-Lys(azide)-OH, DIC,
HOBYt; 20% piperdine in DMF; b) diol cleavable building block 2, DIC, HOBt; ¢) 1,8-diamino-3,6-
dioxaoctane, overnight; d) biotin, DIEA, PyBOP; ¢) TFA : TIS: H,O (90% : 2.5% : 7.5%) 3 h, then
precipitation with cold diethyl ether and purification by HPLC.
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Solid phase synthesis enables synthesis of only micromole scale of product but it is easily
handled. Since Fmoc-Lys(azide)-OH is commercially available, we show that biotin click tag
can be assembled on solid phase similar to the synthesis of diol-DCG-04 (Scheme 6). The
biotin tag was cleaved from resin and purified with a 20% yield. The sample synthesis may

allow the reagent widely used in biology laboratories.

3.1.8.2 Synthesis of biotin-diol-alkyne
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Scheme 7: Synthesis of biotin-diol-alkyne. a) diol cleavable building block 2, DIEA, HBTU; 72% after
silica column chromatograph purification; b) 1,8-diamino-3,6-dioxaoctane, 80 °C overnight; 85% after
silica column chromatography purification; ¢) biotin, HBTU, DIEA overnight; 25% after HPLC

purification.

We have shown that the diol cleavable building block can be used to synthesize clickable
biotin reagent on solid phase. To show the cleavable building block can be used to synthesize
clickable biotin reagent in large scale, we synthesized biotin-diol-alkyne in solution (Scheme
7). Diol cleavable building block was coupled to propargylamine with HBTU/DIEA. After
extraction and silica column purification, the product was reacted with an excess of 1,8-
diamino-3,6-dioxaoctane in toluene at 80 °C. The resulting compound was purified (silica

column chromatography) and coupled to biotin under the influence of HBTU and DIEA in
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dimethylformamide. The solvent was evaporated and the residue heated in 90% acetic acid for
deprotection of the isopropylidene group. The solvent was removed, and the final product was

purified via HPLC.

3.1.8.3 Synthesis of alkyne-E64 and azido-E64

Ny~ > NH,
12

Azido-proplyamine 12 was acquired by reaction between chloropropylamine and sodium azide
in water. The resulting compound 12 was extracted and can be used in subsequent experiments
without purification.

Alkyne-E64 and azido-E64 were synthesized following a literature procedure (118). In brief,
anhydrides derived from Boc-Leu-OH and isobutyl chloroformate were coupled with
propargylamine or azido-proplyamine. The Boc protection group of the resulting building
blocks 13 and 15 was removed with TFA/DCM. After evaporation, the residue was reacted
with ethyl (2S, 3S)-epoxysuccinate under the influence of DIEA/HBTU. The resulting

compound was purified (silica column chromatography) (Scheme 8).
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Scheme 8: Synthesis of azido-E64 and alkyne-E64. a) BCF and NMM, 15 min at -20°C; then 4-

methylmorpholine, azido-proplyamine for another 3 h at room temperature; b) 25% TFA/DCM, 1h; c)
ethyl (25, 3S5)-epoxysuccinate, HBTU, DIEA, overnight; d) BCF and NMM, 15 min at -20°C; then
NMM, propargylamine for another 3 h at room temperature; €) 25% TFA/DCM, 1h; f) ethyl (2S, 3S)-

epoxysuccinate, HBTU, DIEA, overnight.
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3.1.8.4 Labeling of cathepsins in RAW cell lysate and RAW cells

Cell permeability of azido-E64 was evaluated by a competition experiment. Raw cells were
treated with azido-E64 at indicated concentrations and time. Lysate from these treated cells
were then incubated with DCG-04 to detect the residually active cathepsins. The labeled
proteome was separated with SDS-PAGE and visualized by biotin streptavidin blot. The
intensity of DCG-04 labeled cathepsins from control cells was higher than cells pre-treated
with azido-E64. It means the azido-64 blocked all the active cathepsins in the cell (Figure 19).
The cell permeability of alkye-E64 was detected with a similar method (Figure 21).

To visualize the target proteins of azido-E64 in RAW cell lysate, the lysate was incubated with
azido-E64 for 1h and then applied to a Zeba gel filtration spin column to get rid of free probe.
The elution was subjected to click chemistry with biotin-diol-alkyne under the influence of
CuSO,, TCEP and TBTA. Biotin streptavidin blot showed azido-E64 labels Cat Z and Cat B
in the cell lysate which are the same protein targets as DCG-04 (Figure 20A). To show the
cellular targets of azido-E64, a cell lysate from azido-E64 treated live cells was subjected to
click chemistry and the proteins were visualized. There are four biotin blot bands for the two
different labeling conditions (20 pM, 0.5 h and 5 pM, 1h). Treatment of RAW cells with JPM-
OEt, a cell permeable cathepsin inhibitor, prior to the addition of azido-E64 inhibits the
labeling of these protein targets (Fig 20B). Hence, more protein targets were labeled by azido-
E64 in living cells than in cell lysate.

Azido-E64 (UM) — 20 5
DCG-04 + + +

kDa
98 —
64—

50—

36— Cathepsins

16—

Figure 19: Streptavidin western blots of testing the cell permeability of azido-E64 in RAW 264.7 cells.
A. Cells were treated with azido-E64 (20 uM, 0.5h or 5 uM, 1h). Lysates were prepared and labeled
with DCG-04 to detect residual active cathepsins.
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Figure 20: Labeling of cathepsins in RAW cell lysate and RAW cells. A) RAW cell lysate was
incubated with azido-E64 at indicated concentration for 1h. After running zeba spin column to get rid of
free azido-E64, the cell lysate reacted with biotin-diol-alkyne under the influence of CuSO4 (1 mM),
TBTA (50 uM) and TCEP (1 mM). B) RAW cells were treated azido-E64 (20 pM, 0.5h or 5 uM, 1h).
To show the labeled proteins are cathepsins, RAW cells pretreated with JPM-OEt (50 uM) for 1h were
treated azido-E64 (20 uM, 0.5h or 5 uM, 1h). The cell lysate reacted with biotin-diol-alkyne under the
influence of CuSO,4 (1 mM), TBTA (50 uM) and TCEP (1 mM). The samples were loaded on SDS-

PAGE and proteins were visualized with biotin-streptavidin blot.
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Figure 21: Streptavidin western blots of testing the cell permeability test of alkyne-E64 and labeling of
protein targets in RAW cells. Left lane: RAW cell lysate was treated with DCG-04. Middle lane: cells
were treated with alkyne-E64 (20 uM, 0.5h). Lysates were prepared and labeled with DCG-04 to detect
residual active cathepsins. Right lane: cells were treated with alkyne-E64 (20 uM, 0.5h). Lysate was
subjected to click chemistry with biotin-diol-azide. Proteins were separated by SDS-PAGE and

visualized by biotin-streptavidin blot.
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Using the same methods, we showed that alkyne-E64 is also cell permeable. Cell lysate from
RAW cells treated with alkyne-E64 and reacted with biotin-diol-azide resulted in labeling of

the same protein targets as azido-E64 (Figure 21).

3.1.8.5 lIdentification of targets of azido-E64 in RAW cell lysate and
living RAW cells

We next performed identification of the protein targets of azido-E64 in RAW cell lysate and
RAW cells with tandem labeling and LC-MS/MS. For in vitro labeling, RAW cell lysate was
incubated with azido-E64 (10 uM, 1h) and free probe was removed by PD-10 column. The
elution was subjected to click chemistry with biotin-diol-alkyne. For cellular targets, RAW
264.7 macrophages were treated with azido-E64 (5 pM, 1h), washed, and lysed. The cell
proteome extract can be labeled with biotin-diol-alkyne under the same click chemistry
conditions as described before. The reaction mixture was run over a PD-10 column to get rid
of free biotin-diol-alkyne. The elution was incubated with streptavidin beads and an aliquot of
the supernatant on western blot showed the probe-labeled-cathepsins were fully immobilized
onto beads in both samples. Labeling in whole cells resulted in the immobilization of more
protein target than in cell lysate.

Following the same workflow as during the identification of targets of diol-DCG-04 in rat
liver lysate, chemical elution was followed by in solution digestion and compared with on-
bead digestion by LC-MS/MS. Efficiency for reduction of background proteins was
comparable to the above experiment. More than 85% of background proteins are reduced by
chemical elution compared with on-bead digestion (Figure 22).

Tandem mass spectrometry identified cathepsin Z and B both in vitro and in situ (Table 3 and
4, respectively). Cathepsins F, H, S and L1 were only identified in intact cells. These proteases
correspond to the lower running gel bands, which match the molecular weights of the mature
cathepsins H, S and L1 (24, 24 and 19 kDa, respectively). Cathepsin F was only identified in
on-bead digestion but the coverage was just 4.5%. Taken together, the coverages of cathepsins
identified in vitro and vivo are comparable in chemical release and on-bead digestion,

indicating the chemical elution based solution digestion and on-bead digestion have similar

43



Results and discussion

efficiency. The endogenous biotinylated proteins in RAW cell were only found in on-bead

digestion with a lot of unique peptides but not in the chemical release sample (Table 5).
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Figure 22: Overview of the background reduction in the proteomic analysis of ABP targets in rat liver,
RAW cell lysate, and RAW cells. After labeling and removal of free probe, proteomes were incubated
with streptavidin beads. Beads were collected, washed, and subjected to either on-bead digestion or
chemical cleavage followed by digestion. Tryptic peptides were analyzed via LC-MS/MS.
Contaminating non-rat or non-mouse proteins are not depicted. Proteins are classified as target
cathepsins and background originating from endogenously biotinylated proteins, cytoskeletal proteins,

and other proteins.

Table 3: Cathepsins identified in RAW cell lysate. Listed are the number of unique peptides and the
sequence coverage (in brackets) of all cathepsin targets of azido-E64 identified from a RAW cell lysate.

Protein name | Accession number | On-bead digestion Chemical cleavage

Cathepsin Z QIWUU7 9 (26%) 9 (25%)

Cathepsin B P10605 11 (26%) 11 (26%)
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Table 4: Cathepsins identified in RAW cells. Listed are the number of unique peptides and the sequence

coverage (in brackets) of all cathepsin targets of azido-E64 identified from experiments with living

RAW 264.7 cells.

Protein name | Accession number | On-bead digestion Chemical cleavage
Cathepsin Z Q9wWUU7 8 (25%) 8 (21%)
Cathepsin B P10605 11 (26%) 11 (26%)
Cathepsin H P49935 6 (24%) 8 (29%)
Cathepsin S 070370 5(19 %) 10 (36%)
Cathepsin L1 P06797 6 (24%) 8 (29%)
Cathepsin F QI9R013 3 (4.5%) 0 (0%)

Table 5: Endogenously biotinylated proteins identified in RAW cells. Listed are the number of unique

peptides and the sequence coverage (in brackets).

Protein name

On-bead digestion

Chemical cleavage

Pyruvate carboxylase

23 (22%)

0 (0%)

Propionyl-CoA carboxylase alpha chain

23 (40%)

0 (0%)

It is interesting that more cathepsin targets identified in living cell than in lysate. A previous
study has shown that the activity of Cat L1 is compromised when making a lysate (119).
Indeed, we only identified the Cat L1 with the activity based probe azido-E64 in living RAW
cell. Cathepsins H and S also failed to be identified in RAW cell lysate, probably because their
activity became weak upon cell lysis. One possibility may be that the lysis buffer is different
from the cellular condition. In addition, cytoplasmic inhibitors may react with these enzymes.

Speers and co-workers also identified more enzyme targets of phenyl sulfonate ester based
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ABP in situ than in vitro since these enzymes may be sensitive to the regulation of

posttranslational modifications (47).

3.1.9 Identification of probe-modified peptides

Another application of the cleavable linker strategy is the identification of the modification
site on the protein. One drawback of identification of modified peptides with conventional
elution is that the biotin tag increases the mass of the modified peptide, reduces peptide
ionization, and gives rise to fragmentation in the MS/MS (102). SDS-PAGE based
visualization confirmed that NalO, can remove the biotin in labeled cathepsins. The probe-

peptide adducts were shown in Figure 23.
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Figure 23: Probe peptide adducts.

However, the modification site of the probe in cathepsins has not been found. This is more
inherent to the cathepsin protease targets than to the method. After tryptic digest, cathepsin
active site peptides are very large and are very difficult to identify. To our knowledge, only
one paper has successfully identified modified cathepsin active site peptides making use of (a

relatively high) amount of purified cathepsin B (78).
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3.1.10 The influence of oxidation on the identification of target

proteins

Some concerns should be considered when using the diol cleavable linker. The methionines of
proteins will be easily oxidized by periodate. To look into this, we analyzed the tryptic
peptides of the cathepsin targets in rat liver lysate. Indeed, there were more oxidized
methionines in the sample from chemical elution than in the sample from on-bead digestion
(Table 6 and 7). However, the oxidation didn’t have an influence on the identification of the
target proteins.

NalO4 can potentially lead to oxidative cleavage of N-terminal serine and threonine residues.
However, proteins with an N-terminal serine or threonine rarely occur (53). Tryptic digestion
can generate peptide sequences with a serine or threonine at their N-terminus. Therefore, the
NalO4 oxidizing agent should be removed prior to the digestion. In order to show that these
side reactions do not happen during the tryptic digest, we looked at the identification of
sequences of peptides with N-terminal of serine and threonine residues in the cathepsins
identified by chemical elution digestion and on-bead digestion. One peptide with an N-
terminal threonine from Cat S in rat liver lysate was only identified in the on-bead digestion.
However, two peptides with N-terminal serine or threonine from Cat L1 in RAW cells were
only found in the chemical cleavage sample. In addition, 7 other peptides were found in both
samples (Table 8). Overall, the removal of NalO, seems to be an effective way to prevent that
N-terminal serine and threonine containing peptides are damaged.

The oxidative cleavage of the diol linker generates a reactive aldehyde. In addition, many
cathepsins are N-glycosylated (120) and will also generate aldehydes after treatment with
NalO,. The N-terminal of serine and threonine will also be oxidized to aldehydes. One
concern is the aldehydes will generate a Schiff base with streptavidin which will prevent the
elution of proteins. However, the intensity of cathepsins released by NalO, was nearly the
same as released by SDS boiling, indicating this process has no effect on the efficiency of
chemical elution (Figure 14).

We also concern if the aldehyde containing peptides will react with amines of the N-terminus
and the lysine side chain in eluted proteins and trypsin. It may lead to complex peptide
mixtures and will affect the MS identification. To test this, a mixture of diol-DCG-04 and

bradykinin was treated with NalO,. Previous experiments have shown (Figure 9 and 10) that
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Table 6: The number of total and oxidized methionine residues in all identified peptides of the cathepsin

targets in rat liver proteome.

On-bead digestion Chemical digestion
Cathepsins | Total Met | Oxidized Met | Total Met | Oxidized Met
Cathepsin Z 26 3 30 9
Cathepsin B 24 6 18 12
Cathepsin H 6 0 6 1
Cathepsin L 4 0 0 0
Cathepsin C 3 0 3 2
Cathepsin J 0 0 0 0

Table 7: Spectral counts of selected cathepsin peptides in oxidized and non-oxidized form from rat liver

proteome.
On-bead digestion Chemical cleavage
Non-
Selected peptides’ oxidized | Non-oxidized | oxidized
oxidized

CatB | HEAGDVMGGHAIR 3 2 1 3
SGVYKHEAGDVMGGHAIR 3 1 2 2

CatZ | MMAEIYANGPISCGIMATER 2 1 1 4
CatC | NQESCGSCYSFASLGMLEAR 2 0 1 1
CatH | GIMGEDSYPYIGK 2 0 2 1

'0xidized methionines are indicated in bold
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Table 8: Identified peptides with N-terminal of Serine or Threonine of cathepsin targets.

Protein . On-bead | Chemical
Samples Peptide sequence L
name digestion | cleavage
Cat S TGKLVSLSAQNLVDCSTEEK + -
Rat
liver CatH | SGVYSSNSCHKTPDK + +
lysate
Cat B SGVYKHEAGDVMGGHAIR + +
RAW SCEAGYSPSYK + +
cell CatB
lysate SGVYKHEAGDMMGGHAIR + +
SCEAGYSPSYK + +
CatB
SGVYKHEAGDMMGGHAIR + +
Living
RAW CatL1 | TLPDTVDWR + +
cell
SGVYDDPSCTGNVNHGVLVVGYGTLDGKDYWLVK - +
TGKLISLSAQANLVDCSNEEK - +

the cleavage products have no reaction with bradykinin at a concentration of 10 pM.
Furthermore the comparable sequence coverage for cathepsins identified by chemical elution
digestion and on-bead digestion confirms that these potential side reactions, if they occur at all,
have no affect on the sequence coverage.

Overall, we compared the chemical elution based solution digestion and on-bead digestion.
Cathepsins identified by chemical release and on-bead digestion showed nearly the same
sequence coverage. Mild elution conditions facilitate more reduction in background protein
identification of more than 80% compared to on-bead digestion. The probe-modified peptides
have not been identified, which is likely due to the large size of the digested peptide. Though
oxidation of NalO, can lead to some side reactions, it has no effect on the efficiency of target

1dentification.
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3.2 Cleavable trifunctional biotin reagents for protein
labeling, capture and release

The importance of the target characterization of chemical probes in cellular condition was
illustrated by the finding from the previous section, where we identified more targets of azido-
E64 in living RAW cells than in lysate. Trifunctional biotin reagents have been developed to
detect probe-modified proteins in living system (25, 51). However, efficient cleavable forms
of them are still missing. In this section, we designed and synthesized trifunctional reagents
with five different cleavable linkers in order to facilitate purification of target proteins with the
biotin streptavidin system under mild release conditions (Figure 24). These reagents were
successfully assembled combining solid phase and solution phase synthesis. Their
compatibility with bioorthogonal ligation and the efficiency were evaluated by labeling,

immobilization and subsequent release of alkyne-E64 modified cathepsins in RAW cell lysate.
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Figure 24: Cleavable trifunctional tags in chemical proteomics serve sensitive detection, enrichment of
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targets and selective elution. Alkyne-probe-modified proteins react with cleavable trifunctional tags.
The labeled proteins can be analyzed in gel fluorescent scanning and enriched with streptavidin beads.
The elution induced by chemical cleavage can be analyzed in gel fluorescent scanning or mass

spectrometry.
3.2.1 Design of trifunctional biotin reagents

Each of the cleavable trifunctional tags has several different functional elements (Figure 25).
An azide group is introduced for conjugation with alkyne-probe-labeled proteins. A PEG
linker is introduced to increase the solubility of the trifunctional reagents in aqueous system.

Biotin enables efficient protein enrichment with streptavidin beads. A tetramethylrhodamine
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(TMR) fluorophore is used for the visualization of released proteins. Incorporation of
cleavable linkers enables the selective release of immobilized proteins by the respective

release conditions. Five different cleavable linkers were studied in this project.
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Figure 25: The structures of cleavable trifunctional tags 17-21. All contain an azide, a TMR fluorophore,

a cleavable linker (boxed) and a biotin.

In the last section, we have shown that the diol cleavable linker is easily acquired and
incorporated into probes and biotin reagents. The application of this linker enabled the
reduction of background proteins. Furthermore, we have shown that the oxidation condition is
compatible with in-gel fluorescent scanning. These advantages make the diol linker a good
choice for trifunctional biotin reagents. Diazobenzene based linkers are biocompatible and
cleaved by mild reducing conditions such as dithionite (84). They have been introduced into
intact probes and clickable biotin reagents to aid the identification of protein targets (84, 87).
The compatibility of dithionite release conditions was confirmed by previous reports (84). The
disulfide linker is sensitive to reductive conditions such as DTT or TCEP. The mild release

conditions and commercial availability allow the disulfide linker to be widely applied in

51



Results and discussion

chemical biology (121). Bisaryl hydrazone based linkers have been reported as biocompatible
linkers which can be cleaved by nucleophiles such as hydroxylamine (97). The usage of this
linker in biotin reagents in combination with bioorthogonal ligations has not been studied. We
also developed a new linker based on the 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl
(dde) group which is used as a protecting group for the e-amino group of lysine in solid phase
peptide synthesis (SPPS) (122). The conventional way of deprotecting the dde group is with a

low percentage of hydrazine.

3.2.2 Synthesis of cleavable trifunctional biotin reagents

3.2.2.1 Synthesis of biotin-diol-TMR-azide

The synthesis of biotin-diol-TMR-azide was started with the coupling of Fmoc-Lys(azide)-OH
to rink amide resin. Fmoc-Lys(Boc)-OH was introduced as an amino containing building
block for coupling with TMR in solution (Scheme 9). After the coupling of the diol cleavable
building block, the resin was treated with 1,8-diamino-3,6-dioxaoctane. This PEG linker
increases the solubility of the tag in aqueous solution. Biotin was incorporated under the
influence of DIC/HOBLt. The cleavable building block 22 was cleaved from the resin with 90%
TFA, purified by HPLC and reacted with 5(6)-carboxytetramethylrhodamine succinimidyl
ester. The final product was detected by LC-MS and purified by HPLC (Scheme 9).
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NH(Boc) NH(Boc)

NHFmoc

Rink Resin

Scheme 9: Synthesis of biotin-diol-TMR-azide. a) 20% piperdine in DMF, then Fmoc-Lys(azide)-OH,
DIC, HOBYt; 20% piperdine in DMF; b) Fmoc-Lys(Boc)-OH, DIC, HOBt; then 20% piperdine in DMF;
¢) diol cleavable building block, DIC, HOBYt; d) 1,8-diamino-3,6-dioxaoctane, overnight; ) biotin, DIC,
HOBYt; f) TFA : TIS: H,O (90% : 2.5% : 7.5%) 3h, then precipitation with cold diethyl ether and
purification by HPLC; g) 5(6)-carboxytetramethylrhodamine succinimidyl ester, DIEA; h) HPLC

purification.

3.2.2.2 Synthesis of biotin-diazo-TMR-azide

The diazobenzene derived cleavable building block 23 was synthesized by Dr. Steven Verhelst.
Biotin-diazo-TMR-azide was synthesized similar to biotin-diol-TMR-azide. Fmoc-Lys(azide)-
OH was first bounded to the resin. Fmoc-8-amino-3,6-dioxaoctanoic acid was then introduced
as a PEG linker to increase the water solubility. Since the reactivity of carboxylic acids in
diazobenzene derived cleavable building blocks 23 is lower than natural amino acids,
HBTU/DIEA was used in this coupling step. The Fmoc of the cleavable building block was
removed followed by coupling of biotin under the influence of DIC/HOBL. It should be noted
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that the strong coupling reagent PyBOP/DIEA should be avoided in this step, since we have
observed byproducts derived from the side reaction between biotin and PyBOP with the
hydroxyl group of the diazobenzene building block. Finally, building block 24 was reacted
with 5(6)-carboxytetramethylrhodamine succinimidyl ester in DMSO and purified by HPLC
(Scheme 10).
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Scheme 10: Synthesis of biotin-diazo-TMR-azide. a) 20% piperdine in DMF, then Fmoc-Lys(azide)-
OH, DIC, HOBYt; b) 20% piperdine in DMF, Fmoc-8-amino-3,6-dioxaoctanoic acid, DIC, HOBt; c¢) 20%
piperdine in DMF; then Fmoc-Lys(Boc)-OH, DIC, HOBt; d) 20% piperdine in DMF; e) building block
23, DIEA, HBTU; f) 20% piperdine in DMF, then biotin, DIC, HOBt; g) TFA : TIS: H,O (95% : 2.5% :
2.5%) 2h, Then precipitation with cold diethyl ether and purification by HPLC; h) 5(6)-
carboxytetramethylrhodamine succinimidyl ester, DIEA. Purification with HPLC.
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3.2.2.3 Synthesis of biotin-S-S-TMR-azide

The synthesis of biotin-S-S-TMR-Nj is straightforward since Sulfo-NHS-SS-biotin (25,
Scheme 11), cleavable biotin building block, is commercially available. After coupling of
Fmoc-Lys(azide)-OH, Fmoc-Lys(Boc)-OH and Fmoc-8-amino-3,6-dioxaoctanoic acid with
DIC/HOB respectively, the Sulfo-NHS-SS-biotin cleavable building block 25 was introduced
by incubation with the resin-bound intermediate in DMF without coupling reagents. The
resulting building block 26 was reacted with 5(6)-carboxytetramethylrhodamine succinimidyl

ester in DMSO solution.
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Scheme 11: Synthesis of biotin-S-S-TMR-N; (19). a) 20% piperdine in DMF, then Fmoc-Lys(azide)-
OH, DIC, HOBt; b) 20% piperdine in DMF then Fmoc-Lys(Boc)-OH, DIC, HOBt; ¢) 20% piperdine in
DMF, Fmoc-8-amino-3,6-dioxaoctanoic acid, DIC, HOBt; 20% piperdine in DMF; d) Sulfo-NHS-S-S-
biotin, DIEA; Then TFA : TIS: H,O (95% : 2.5% : 2.5%) 2h, then precipitation with cold diethyl ether
and lyophilization; e) 5(6)-carboxytetramethylrhodamine succinimidyl ester, DIEA, then HPLC

purification.
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3.2.2.4 Synthesis of biotin-hydrazone-TMR-azide
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Scheme 12: Synthesis of hydrazone cleavable building block. a) 80% hydrazine in H,O, 100 °C, 4h; b)
EDCI, N-hydroxysuccinimide; c) 4-Formyl-benzoic acid NHS ester, DIEA; d) EDCI, N-

hydroxysuccinimide; €) DIEA, 3-azido-propylamine; f) 6-hydrazinonicotinic acid, overnight in the dark.

6-hydrazinonicotinic acid (27) was acquired by treating 6-chloronicotinic acid with aqueous
hydrazine. The resulting compound was easily isolated by precipitation in acidic solution (pH
5.5) and washing with 95% ethanol and ether (123). After lyophilisation, it was used in the
subsequent experiment without further purification (Scheme 12).

4-Formyl-benzoic acid NHS ester (28) was synthesized by activating carboxylbenzaldehyde
with N-hydroxysuccinimide under the influence of EDCI. After workup, compound 28 was
reacted with Boc-Lys-OH. The resulting compound was transformed to N-
hydroxysuccinimide-activated ester under the influence of EDCI. After work-up, the residue
reacted with azido-propylamine. Purification with silica column chromatography afforded

compound 29. The building block 30 was assembled using hydrazone chemical ligation in
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DMF. Evaporation of DMF resulted in cleavable building block 30 which was incorporated in
cleavable building block 31 in subsequent solid phase synthesis without further purification

(Scheme 12).
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Scheme 13: Synthesis of biotin-hydrazone-TMR-Nj3. a) 20% piperdine in DMF, then Fmoc-Lys(biotin)-
OH, DIC, HOBt and 20% piperdine in DMF; b) Fmoc-8-amino-3,6-dioxaoctanoic acid, DIC, HOB,
then 20% piperdine in DMF. c) building block 30, DIEA, HBTU; d) TFA : TIS: H,O (95% : 2.5% :
2.5%) 2h, then precipitation with cold diethyl ether and purification by HPLC; e) 5(6)-
carboxytetramethylrhodamine succinimidyl ester, DIEA, then HPLC purification.

Since the cleavable building block 30 already contained an azide group, which is different
from the above described cleavable building blocks, Fmoc-Lys(biotin)-OH was coupled to
rink resin in the first step. After coupling of Fmoc-8-amino-3,6-dioxaoctanoic acid with
DIC/HOBY, hydrazone cleavable building block 30 was introduced under the influence of
DIEA/HBTU. The resulting building block 31 was cleaved from the resin and purified by
HPLC. Biotin-hydrazone-TMR-N; was acquired by coupling of cleavable building block 31

and 5(6)-carboxytetramethylrhodamine succinimidyl ester (Scheme 13).
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3.2.2.5 Synthesis of biotin-dde-TMR-azide
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Scheme 14: Synthesis of biotin-dde-TMR-azide; a) 20% piperdine in DMF, then Fmoc-Lys(azide)-OH,
DIC, HOBt; b) 20% piperdine in DMF, Fmoc-Lys(Mtt)-OH, DIC, HOBt; c¢) 20% piperdine in DMF,
Fmoc-8-amino-3,6-dioxaoctanoic acid, DIC, HOBt; d) 20% piperdine in DMF, 5(6)-
carboxytetramethylrhodamine succinimidyl ester, DIEA e) 1% TFA in DCM (10 min x 8), then
biotin(dde), DIEA; f) TFA : TIS: H,O (95% : 2.5% : 2.5%) 2h, g) evaporation and purification by
HPLC.

Biotin-dde (32) was synthesized by coupling of biotin and dimedone under the influence of
DIC/DMAP (124).

The above described four linkers were synthesized by solid phase synthesis of the main

cleavable building blocks which were reacted with 5(6)-carboxytetramethylrhodamine

58



Results and discussion

succinimidyl ester in solution. Biotin-dde-TMR-N; was completely assembled on solid
support. Fmoc-Lys(azide)-OH, Fmoc-Lys(Mtt)-OH and Fmoc-8-amino-3,6-dioxaoctanoic acid
were coupled respectively under the influence of DIC/HOBt. It has been shown that dde
protecting group could migrate to unprotected amine during the removal of Fmoc (125). To
avoid the possibility of migration of the biotin-dde, the Fmoc of the resin bound mixture was
first removed and the resulting amine was reacted with 5(6)-carboxytetramethylrhodamine
succinimidyl ester. Subsequently, the Mtt was removed by treatment with 1% TFA followed
by coupling of biotin-dde. Cleavage and purification resulted in the target compound with a

yield 51% which is a satisfying result for 5 coupling steps on solid phase synthesis.

3.2.3 Cleavable trifunctional tags label alkyne-E64 modified
cathepsins in RAW cell lysate and RAW cell

Figure 26: Structure of TMR-Nj,

TMR-N; (Figure 26) is widely used in tandem labeling to visualize protein modified by alkyne
containing probes. To show that the different trifunctional tags can detect those proteins in a
complex proteome as efficiently as TMR-Nj3, a lysate of the macrophage cell line RAW 264.7
labeled with alkyne-E64 was subjected to click chemistry with these tags under the influence
of CuSO,, TBTA and TCEP. Figure 27 shows that trifunctional tags label alkyne-E64 as
efficiently as TMR-N; indicating that structural differences have no effect on the
bioconjugation efficiency. We also observed that intact probes are more efficient than tandem
labeling since the intensity of cathepsin Z and B labeled by TMR-DCG-04 was stronger than
labeling by alkyne-E64 followed by click chemistry with azide tags (Figure 27). To expand
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the application of cleavable trifunctional tags to label protein targets in living cells, alkyne-
E64 was incubated with RAW cells for the indicated time, and the lysate was then subjected to
click chemistry with different tags. All the trifunctional tags labeled the alkyne-E64 modified
cathepsins in living RAW cells (Figure 28). Consistent with the result in the previous section,
the activity of some cathepsins is weaker in lysate since the intensity of Cat Z and Cat B are

comparable. But the other two bands are quite stronger in situ than in vitro.
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Figure 27: Labeling of alkyne-E64 labeled cathepsins in RAW 264.7 cell lysate with TMR-N; and with
trifunctional tags. RAW cell lysate was incubated with alkyne-E64 (10 pM for 2h). The reaction was
stopped by running the samples over PD-10 column. The protein concentration was adjusted to 1 mg/ml.
Click chemistry was kept for 1h at room temperature. The labeled cathepsins were visualized by in-gel
fluorescent scanning. As a control, cathepsins in RAW cell lysate were also labeled by TMR-DCG-04
(1 uM, 1h).
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Alkyne-E64 label in vivo in vitro
Figure 28: Labeling of alkyne-E64 labeled cathepsins in living RAW 264.7 cell with TMR-N; and with
trifunctional tags. RAW cells were incubated with alkyne-E64 (10 uM for 1h). The cells were collected
and made into lysate. The lysate was subjected to click chemistry. Cathepsins in RAW cell lysate were
labeled with Alkyne-E64 (10 puM, 2h) and clicked with TMR-N;. The labeled cathepsins were
visualized by in-gel fluorescent scanning.

To test if the background labeling occurred in the labeling of disulfide based trifunctional tags,
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alkyne-E64 labeled RAW cell lysate was reacted with disulfide based trifunctional tags. As a
control, the labeled proteome was clicked with TMR-N; and biotin-N;. The labeled proteome
was separated with a non-reducing gel to prevent cleavage of the disulfide bond. Cat Z and
Cat B were not separated well in the non-reducing gel. There was little background labeling
for TMR-N; and biotin-N;. However, disulfide trifunctional tags labeled sample show
background labeling in both fluorescent scanning and western blot (Figure 29). It has been
shown that the biotin-disulfide tags caused much background labeling during Cu catalysis

chemistry in a complex proteome (85).
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Figure 29: Labeling of alkyne-E64 labeled cathepsins in RAW 264.7 cell lysate (10 uM for 2h) with
TMR-Nj, biotin-Nj and disulfide trifunctional tags. The reaction was stopped by acetone precipitation.
The protein pellet was dissolved in non-reducing sample buffer. Proteins were separated and visualized
by biotin-streptavidin or in- gel fluorescent scanning. A) The labeled cathepsins were visualized by in-

gel fluorescent scanning. B) The labeled cathepsins were visualized by biotin-streptavidin western blot.

Taken together, all tags efficiently labeled alkyne-modified proteins in vitro and in living cells,
illustrating the compatibility of the cleavable tags with the bioorthogonal labeling strategy.
Disulfide trifunctional tags get much background labeling which could be observed in non-

reducing gels.
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3.2.4 Test the click efficiency of different concentration of

trifunctional tags

bitoin-diol-TMR-N3 (uM)
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Figure 30: Labeling of alkyne-E64 labeled cathepsins in RAW 264.7 cell lysate with different
concentrations of the trifunctional reagents. A) Biotin-diol-TMR-N; and B) biotin-diazo-TMR-Nj;. The

labeled cathepsins were visualized by in gel fluorescent scanning.

Alkyne-E64 labeled RAW cell lysate was clicked with different concentration of biotin-diol-
TMR-Nj3 and biotin-diazo-TMR-N;. There were no fluorescently labeled cathepsins detected
under the concentration of 0.1uM. The intensity of cathepsins bands increased as the
concentration of tags increased up to 25 uM. The efficiency of the click reaction was not much

different at the concentrations of 25 uM and 50 uM for both tags (Figure 30).

3.2.5 The efficiency of immobilization with different trifunctional

reagents

To show that the trifunctional reagents can be used to capture proteins from a complex
proteome, cleavable reagents were reacted with alkyne-E64 labeled RAW cell lysate. The
labeled cathepsins were efficiently immobilized with streptavidin beads and directly boiling
released the targets again (Figure 31). TMR-Nj; labeled cathepsins failed to be immobilized
indicating that immobilization is caused by interaction between biotin-streptavidin but not by

non-specific interaction between protein and streptavidin beads. The immobilization efficiency
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was calculated by comparison of fluorescent intensities of cathepsins in label lane and

supernatant lane (Table 9). Biotin-diol-TMR-N3 was most efficient. The pull down efficiency

label sy A label sy A
| ——— | —— -
=—— = =
TMR-N3 Biotin-hydrazone-TMR-N3
| — — C— —
Biotin-diol-TMR-N3 Biotin-S-S-TMR-N3

[

Biotin-diazo-TMR-N3 Biotin-dde-TMR-N3

Figure 31: Immobilization of labeled cathepsins by streptavidin beads. The labeled cathepsins were
visualized by in gel fluorescent scanning. Left lanes: labeling after click chemistry with TMR-Nj; or
trifunctional tags. Middle lanes: supernatant (SU) after capture with streptavidin beads. Right lane:
release of immobilized proteins by boiling with SDS sample buffer (A). TMR-N; was used as a control

to show that no non-specific binding of labeled cathepsins to streptavidin beads occurs.

was slightly lower for the disulfide, possibly due to premature cleavage since the disulfide
bridge is not stable towards free thiols in the proteome. The pull down efficiency for the dde
linker was similar to the disulfide cleavable linker. The steric hindrance around the biotin

maybe lead to the lower immobilization efficiency of the dde based reagent.

Table 9: Pull down efficiency of different trifunctional tags.
diol diazo hydrazone | SS dde

Pull down efficiency 82% 78% 84% 73% 2%

3.2.6 Elution efficiency of different trifunctional reagents

To investigate the release efficiency of immobilized proteins, equal amounts of immobilized
beads were treated by boiling (non-selective release) or the chemical release conditions. The

beads treated with the chemical release conditions were subsequently boiled to release all
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residual proteins bound to the beads. The samples were loaded onto a SDS-PAGE and
visualized by in-gel fluorescent scanning. We determined how efficient the elution was by
means of fluorescent gel band densitometry by comparison with the proteins selectively eluted
and residually bound to the immobilized streptavidin. When the linker structure allowed, the
SDS gels were subjected to biotin-streptavidin western blot after fluorescent scanning to detect
the selectivity of different chemical conditions. The proteins released by selective cleavage of

the linker could not be visualized in biotin-streptavidin western blot.
3.2.6.1 Release efficiency of biotin-diol-TMR-Nj3;

For cleavage of the diol linker, we used 1 mM and 10 mM of NalO,4 (3x 20 min; directly
followed by quenching of the periodate with sample buffer). Under both conditions, the target
proteins were efficiently released (Figure 32). The 1mM NalO, treatment gave rise to 82%
cleavage efficiency. These conditions selectively cleave the diol linker since the released

protein failed visualization in the biotin-streptavidin blot.
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Figure 32: Evaluation of the elution of alkyne-E64 targets from streptavidin beads with the biotin-diol-
TMR-N; trifunctional tags. A) The labeled cathepsins were visualized by in gel fluorescent scanning. B)
The labeled cathepsins were visualized by biotin-streptavidin western blot. Alkyne-E64 labeled RAW
cell lysate (1mg/ml) reacted with biotin-diol-TMR-N; and the labeled proteome was immobilized with
streptavidin beads. The beads were divided into equal aliquots. One part was treated with SDS boiling
(lane 1). One part was treated with NalO4 (1 mM in SP buffer, pH=7.4) for 3x 20min (lane 2) and
subsequently SDS boiling (lane 3). One part was treated with NalO4 (10 mM in SP buffer, pH=7.4) for
3x 20min (lane 4) and subsequently SDS boiling (lane 5).
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3.2.6.2 Release efficiency of biotin-diazo-TMR-Nj;

For the diazobenzene linker, which was treated with 200 mM Na,S,0,, the cleavage efficiency
was 73%. The western blot confirmed the release of the proteins due to the cleavage of
diazobenzene linker since the proteins can be detected in the fluorescent gel but not in the
western blot (Figure 33). Diazobenzene linker was firstly developed and applied in chemical
proteomics by Verhelst el al in 2007 (78, 84). Subsequently, Hang et al found that the ortho-
hydroxyl substituent is essential for the efficient cleavage of the diazobenzene based linker
(87). Wagner et al develop a new linker based on 2-(2-alkoxy-4-hydroxyphenylazo)benzoic
acid which is more sensitive to dithionite (88). However, the synthesis of this cleavable

building block is more complicated than the building block utilized in our research.
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Figure 33: Evaluation of the elution of alkyne-E64 targets from streptavidin beads with the biotin-diazo-
TMR-N; trifunctional tags. A) The labeled cathepsins were visualized by in gel fluorescent scanning. B)
The labeled cathepsins were visualized by biotin-streptavidin western blot. Alkyne-E64 labeled RAW
cell lysate (1mg/ml) reacted with biotin-diazo-TMR-Nj3 and the labeled proteome was immobilized with
streptavidin beads. The beads were divided into equal aliquots which was treated with SDS boiling (left
lane) or Na,S;0, (200 mM in SP buffer, pH=7.4) for 3x 20min (middle lane) and subsequently SDS
boiling (right lane).

3.2.6.3 Release efficiency of biotin-hydrazone-TMR-Nj3

The immobilized proteins could not be eluted by 100 mM hydroxylamine (Figure 34a),

whereas the release of 46% of the proteins was achieved after the addition of aniline which is a
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reported catalyst in the cleavage of these linkers (Figure 34a). The release is caused by
cleavage of the linker, since the released proteins were visualized by in-gel fluorescent
scanning but not by biotin-streptavidin western blot. Unfortunately, a further increase of the
hydroxylamine concentration didn’t lead to a full release (Figure 34b). In accordance with our
results, Claessen et al reported that a chemical probe containing a similar bisaryl hydrazone
linker was not sensitive to this elution condition (126). Acylhydrazone-based cleavable linkers
have been developed for isolation of proteins from complex proteomes (96). It was reported
that the stability of this linker was weaker than the bisaryl hydrazone linker (97). Indeed, the
elution of biotin-hydrazone-TMR-N; labeled proteins by SDS boiling can be detected by
biotin-streptavidin blot indicating the bisaryl hydrazone linker is tolerant towards SDS boiling.
However, the acylhydrazone-based cleavable linker was rapidly cleaved with a SDS solution
at room temperature (96). Possible structural modifications of the bisaryl hydrazone linker
may be carried out to make it stable in biological system and at the same time have a higher

sensitivity to hydroxylamine/aniline cleavage.
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Figure 34: Evaluation of the elution of alkyne-E64 targets from streptavidin beads with the biotin-
hydrazone-TMR-N; trifunctional tags. A) The labeled cathepsins were visualized by in gel fluorescent
scanning. B) The labeled cathepsins were visualized by biotin-streptavidin western blot. Alkyne-E64
labeled RAW cell lysate (1mg/ml) reacted with biotin-hydrazone-TMR-N; and the labeled proteome
was immobilized with streptavidin beads. The beads were divided into equal aliquots. One part was
treated with SDS boiling (lane 1 in Figure 34a and Figure 34b). One part was treated with NH,OH and
aniline (100 mM NH,OH and 100 mM of aniline in SP buffer, pH=4.6) for 4h (lane 2, Figure 34a) and
subsequently SDS boiling (lane 3, Figure 34a). One part was treated with NH,OH (100 mM in SP buffer,
pH=4.6) for 4h (lane 4, Figure 34a) and subsequently SDS boiling (lane 5, Figure 34a). One part was
treated with 1M NH,OH and 100 mM of aniline in SP buffer, pH=4.6 for 4h (lane 2, Figure 34b) and
subsequently SDS boiling (lane 3, Figure 34b).
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3.2.6.4 Release efficiency of biotin-S-S-TMR-N;

Disulfide linkers can be cleaved by reducing agents such as DTT, TCEP and BME.
Additionally the disulfide linker building blocks are commercially available. Hence this linker
is easy to apply in chemical biology research. In our study, 0.5 M DTT was used to treat the
immobilized beads and the elution was loaded onto a reducing SDS-PAGE. 60% of enriched
protein was released in 1h (Figure 35). The same gel was not subjected to biotin streptavidin
blot due to the cleavage of disulfide bond in the reducing gel which would therefore not give

any additional information.
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Figure 35: Evaluation of the elution of alkyne-E64 targets from streptavidin beads with the biotin-S-S-
TMR-N; trifunctional tags in reducing gel. Alkyne-E64 labeled RAW cell lysate (1mg/ml) reacted with
biotin-S-S-TMR-Nj; and the labeled proteome was immobilized with streptavidin beads. The beads were
divided into equal aliquots. One part was treated with SDS boiling (lane 1). One part was treated with
0.5M of DTT in H,O for 1h (lane 2) and subsequently SDS boiling (lane 3). The labeled cathepsins

were visualized by in gel fluorescent scanning.

However, one problem of the disulfide linker is the potential disulfide exchange (85). This has
been observed during the labeling of alkyne-E64 modified cathepsins in section 3.2.3 (Figure
25). In order to get further evidence that disulfide exchange leads to background labeling, the
capture and release of proteins was loaded onto a non-reducing gel. Proteins were visualized
by fluorescent gel and streptavidin western blot. We indeed observed a high degree of
disulfide exchange when analyzing samples in non-reducing gels (Figure 36). Background
proteins were visualized in labeling lanes both by in-gel fluorescent scanning and biotin
streptavidin blot. Followed by immobilization with streptavidin beads, the background

labeling in the supernatant was only observed in the in-gel fluorescent scanning since the
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biotinylated proteins were enriched onto streptavidin beads. Subsequent SDS boiling (sample

buffer without BME) released these background proteins.
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Figure 36: Evaluation of the immobilization and elution of alkyne-E64 targets from streptavidin beads
with the biotin-S-S-TMR-Nj trifunctional tags in non-reducing gel. Alkyne-E64 labeled RAW cell
lysate (1mg/ml) reacted with biotin-S-S-TMR-Nj (lanel) and the labeled proteome was immobilized
with streptavidin beads (lane 2). The beads were divided into equal aliquots. One part was treated with
SDS boiling (lane 3). One part was treated with 0.5M of DTT in H,O for 1h (lane 4) and subsequently
SDS boiling (lane 5). A) The labeled proteins were visualized by in gel fluorescent scanning. B) The

labeled proteins were visualized by biotin-streptavidin western blot.
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3.2.6.5 Release efficiency of biotin-dde-TMR-Nj;

The conventional way of deprotection of the dde group in peptide synthesis consists of 2% of
hydrazine (122). Here the immobilized proteins with biotin-dde-TMR-N; were treated with 2%
hydrazine in water. However there were no fluorescently labeled proteins in the hydrazine
treated sample and the proteins recovered in subsequent boiling sample. A small amount of
SDS (0.05%) is necessary for the release of immobilized proteins with chemical probes
containing a levulinoyl ester based cleavable linker which is sensitive to hydrazine (91).
Hence a solution of 2% hydrazine containing 0.05% SDS was used to elute biotin-dde-TMR-
N; labeled proteins. The fluorescently labeled cathepsins were fully recovered (Figure 37).
These results indicated the low concentration of SDS is necessary for the elution of labeled

proteins with hydrazine.
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Figure 37: Elution of biotin-dde-TMR-Nj trifunctional tags labeled proteins with a solution of hydrazine.
After the immobilization, the beads were divided into equal aliquots which were treated with SDS
boiling (lane 1), 2% hydrazine in H,O for 2h (lane 2) and subsequently SDS boiling (lane 3), 2%
hydrazine and 0.05% SDS for 2h (lane 4) and subsequently SDS boiling (lane 5), A) The labeled
proteins were visualized by in -gel fluorescent scanning. B) The labeled proteins were visualized by

biotin-streptavidin western blot.

Interestingly, a solution of 200 mM Tris, 0.05% SDS, pH = 8.5 almost quantitatively released
(92%) the immobilized proteins which can be visualized by fluorescent scanning (Figure 38).
Tris buffer (200 mM Tris, pH=8.5) failed to release proteins and 0.05% SDS released a little

protein, confirming that both reagents are necessary for efficient elution. The elution condition
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is specific for dde based linkers since it has no effect on biotin-diol-TMR-N; (Figure 39). LC-
MS analysis showed that biotin-dde-TMR-Nj treated with a Tris-SDS solution releases the
biotin dde moiety by hydrolysis, which is likely the mechanism by which the proteins are
released (Figure 42). The exact mechanism of elution with Tris-SDS should be further studied.
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Figure 38: Evaluation of the elution of alkyne-E64 targets from streptavidin beads with the biotin-dde-
TMR-N; trifunctional tags with Tris/SDS condition. Alkyne-E64 labeled RAW cell lysate (1mg/ml)
reacted with biotin-dde-TMR-N; and the labeled proteome was immobilized with streptavidin beads.
The beads were divided into equal aliquots. The beads were treated with SDS boiling (lane 1), 200 mM
Tris, pH 8.5 for 2h (lane 2) and subsequently SDS boiling (lane 3), 200 mM Tris, 0.05% SDS, pH 8.5
for 2h (lane 4 ) and subsequently SDS boiling (lane 5), 0.05% SDS for 2h (lane 6) and subsequently

SDS boiling (lane 7). The labeled proteins were visualized by in gel fluorescent scanning.
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Figure 39: Test the stability of biotin-diol-TMR-Nj trifunctional tags upon Tris/SDS condition. Alkyne-
E64 labeled RAW cell lysate (1mg/ml) reacted with biotin-diol-TMR-N; and the labeled proteome was
immobilized with streptavidin beads. The beads were divided into equal aliquots which were treated
with SDS boiling (left lane), 200 mM of Tris, 0.05% SDS, pH 8.5 for 2h (middle lane) and subsequently

SDS boiling (right lane). The labeled proteins were visualized by in gel fluorescent scanning.
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Figure 40: Test the stability of biotin-dde-TMR-Nj trifunctional tags. After the immobilization, the
beads were divided into equal aliquots which were treated with SDS boiling (lane 1), PBS, pH 7.4 for
2h (lane 2) and subsequently SDS boiling (lane3 ), BSA (Img/ml) for 2h (lane 4 ) and subsequently
SDS boiling (lane 5), 4M urea for 2h (lane 6) and subsequently SDS boiling (lane 7). The labeled

proteins were visualized by in gel fluorescent scanning.

PBS and BSA (Img/ml) didn’t lead to the release of target proteins indicating the linker is
stable in PBS buffer and protein solution. In addition, this linker is stable in 4M urea solution
hence 4M urea solution can be used to wash the non-specifically bound proteins before

chemical release (Figure 40).

Taken together, the proteins immobilized with biotin-dde-TMR-N; can be released under a
mild condition (Table 10). The elution efficiency was better than that of the other trifunctional
reagents for affinity purification of small amounts of protein in our research. Biotin-diazo-
TMR-N; and Biotin-S-S-TMR-N; had comparable release efficiencies. However, there is
some background labeling for Biotin-S-S-TMR-N3; which may limit its application in targets

identification in chemical proteomics.

Table 10: The elution efficiency of different trifunctional reagents.

linkers diol diazo hydrazone S-S dde
Elution conditions 1 mM NalO, 200 mM 100 mM NH,OH 0.5M DTT | 200 mM Tris
pH=74 Na,S,0, 100 mM aniline 1h 0.05% SDS
3 X 20 min pH=74 pH=4.6 pH=28.5,2h
3 X 20 min 4h
Elution efficiency 74% 58% 47% 60% 92%
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3.2.7 Comparison of the molecular weight of the residual tag left

after cleavage and tryptic digestion
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Figure 41: The ‘hidden’ trypsin cleavable bond in biotin-dde-TMR-Nj.

Overall, cleavable trifunctional biotin reagents are versatile tools for capture, release and
visualization of target proteins. During the process of release, biotin is left on the streptavidin
beads but the fluorescent group is still attached to the released proteins for subsequent
visualization. In general, the purified proteins are then digested with trypsin and analysed by
LC-MS/MS to identify the unknown proteins. However, the attachment of a fluorescent group
makes the modification have a large size (Table 11). The large size of a modification may

complicate the identification of probe-labeled tryptic peptides (85).

Table 11: Molecular weights of residual tag left after cleavage and trypsin digestion

linkers diol diazo hydrazone SS dde

MW ? 767.83 976.09 771.86 945.09 171.20

MW ? : molecular weight of residual tag left after cleavage and trypsin digestion

Interestingly we noticed there was a ‘hidden’ trypsin cleavable bond in biotin-dde-TMR-Nj,
After the cleavage of biotin-dde group, the fluorophore is eliminated during a tryptic digest
(Figure 41). To validate this, the cleavage of the ‘hidden’ trypsin cleavable bond was checked
by LC-MS. Figure 43 shows that biotin-dde is fully cleaved by hydrazine and the fluorophore
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was removed by trypsin digestion (Figure 44). Compared with other cleavable trifunctional

reagents, biotin-dde-TMR-N; has the smallest molecular weight of residual tag left after

cleavage and trypsin digestion (table 11).
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Figure 42: Treatment of the dde-trifunctional tag with Tris/SDS. The products were detected by LC-MS.

Peak 1 contains the cleaved-off biotin moiety. MS shows a mass of [M+H]" 367.1667. Calculated for
C13H,7N>04S™: 367.1686. Peak 2 and 3 contain the cleaved-off two different regioisomers of the TMR

fluorophore. Peak 4 and 5 are two different regioisomers dde-trifunctional tag.
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regioisomers of the TMR fluorophore. Peak 2 contains the cleaved-off biotin moiety.
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Figure 44: The dde-trifunctional tag was digested with trypsin after cleavage with hydrazine. Peak 1 and

2 contain the two regioisomers of the trypsin digested TMR tag. Peak 3 contains the cleaved off biotin.
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4 Conclusion and outlook

4.1 The advantages of using a diol cleavable linker for
chemical proteomics

Streptavidin beads are widely used for affinity purification of biotinylated probe-modified
proteins in complex proteomes. The disadvantage of the affinity system is the contamination
of non-specific binding proteins and endogenously biotinylated proteins. The cleavable linker
strategy is one of the promising ways to reduce the contamination of non-specifically bound
proteins in affinity purifications (78). The first part of thesis reports the usage of diol cleavable
linkers for the selective release of the protein targets. In the literature, a variety of cleavable
building blocks have been developed for chemical proteomics. However, some of these linkers
are difficult to synthesize hence they can not be readily applied in proteomics research (86, 91).
The diol cleavable building block reported here can be easily synthesized in large scale from
tartrate. The building block can be incorporated into probes with Fmoc-based solid phase
synthesis which may be handed in laboratories without an extensive background in organic
chemistry. In addition, the stability of some linkers limits their widely application. For
example, disulfide-cleavable linkers are liable to buffers containing reducing reagents such
DTT and an acylhydrazone motif based linker is not compatible with acidic buffers (96, 97).
The diol linker is stable under acidic, basic and reducing conditions, which makes it
compatible with general buffers in proteomics research. An tartaric acid based hydrophilic
spacer has been utilized to reduce the non-specific binding proteins in affinity purification
(113). The hydrophilicity of diol cleavable linkers may enable increasing the solubility of
ABPs and reducing the non-specific binding of background proteins during pull-down.
Moreover, the diol linker is small relative to most other cleavable linkers and may have less

influence on the activity of chemical probes.
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4.2 Diol cleavable linker based probes specifically label the
protein targets in proteomes for subsequent purification

To evaluate the efficiency of the diol cleavable linker in target identification, it was
incorporated into DCG-04, a chemical probe for cathepsins. Incorporation of a diol cleavable
linker had no influence on the activity of DCG-04 since diol-DCG-04 and DCG-04 were able
to label the same protein targets in rat live lysate. The probe-modified proteins were fully
enriched from complex proteomes in a small scale and large scale with streptavidin beads. The
immobilized proteins were quantitatively eluted with SDS boiling and oxidative cleavage
respectively. In comparison with SDS boiling elution, there were less contamination by non-

specific binding protein, endogenously biotinylated proteins and streptavidin.

4.3 Chemical elution leads to reduction of background
proteins

The combination of affinity purification and MS analysis is one of the strategies for target
deconvolution of small molecules. Contamination of non-specific binding proteins is a
common drawback of affinity purification (127). To overcome this challenge, some labs repeat
the experiment two or more times and proteins identified in all of the experiments are
considered target proteins (128). A proper negative control (pull down that is carried out in an
untreated sample) can also give useful information (129). In addition, quantitative proteomics
is a powerful tool to distinguish target protein and contamination (73). However, reduction of
background proteins prior to tryptic digestion and MS analysis will reduce the interference in
the subsequent analysis. For low abundant new and uncharacterized target proteins, it would
be more important to clean these contaminations. Though stringent washing was carried out to
remove the non-specifically binding proteins, there is a lot contamination in the sample from
on-bead tryptic digestion which indicated the non-specific binding is tight. The mild elution
conditions of the diol linker allow the reduction of background protein identification by more

than 80% in comparison with on-bead digestion. Two more cathepsins were identified in rat

77



Conclusion and outlook

liver lysate than previous report (117). The sequence coverage of cathepsins is comparable in
both on-bead digestion and chemical elution sample. Endogenous biotinylated proteins were
only observed in on-bead digestion suggesting that cathepsins were selectively eluted without
disrupting the biotin-streptavidin complex. Recently, diol cleavable linker based probes have
been utilized to capture and analyze Aspartic proteases (130). Consistent with our results,

contamination was also significantly reduced.

4.4 Diol cleavable linker is compatible with tandem labeling
strategy

Small molecule chemical probes are utilized to characterize protein targets and unravel protein
function in chemical proteomics (11, 71). Biotin is widely used for attachment to chemical
probes for target protein visualization and immobilization. The limited cell permeability of
biotin-containing probes restricts their application in vitro. However, the ideal way for protein
target identification is carrying out the labeling in physiological conditions such as a cellular
context or a whole organism (47, 131). The application of CuAAC based tandem labeling
strategy for targets discovery in situ and in vivo was firstly validated by Cravatt (47, 51). To
show the application of the diol cleavable linker, it was incorporated into clickable biotin
reagents with solid phase synthesis or solution phase synthesis for ligation with alkyne-E64
and azido-E64 modified cathepsins. More cathepsins were identified in living cells than in
lysate, indicating the importance to characterize the protein targets in situ. We assume that a
combination of the diol cleavable linker with a clickable biotin tag will be widely used to

uncover novel protein targets in vivo/situ.

4.5 The oxidation of sodium periodate has no influence on
the protein elution and sequence coverage of proteins

Cleavage of the diol linker in chemical probes and glycans in cathepsins generated aldehydes
during the chemical elution with sodium periodate. The possible Schiff base formation
between aldehydes and streptavidin beads may lead to the inefficient elution. However, we

showed the efficiency of chemical elution was as efficient as SDS boiling elution indicating
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the aldehydes have no influence on the protein elution. In addition, oxidized diol probe has no
reaction with bradykinin (a mode peptide) even at the concentration of 10 uM indicating the
aldehydes should not react with tryptic peptides. NalO, can also cause the oxidation of
methionines. LC-MS/MS analysis confirmed that aldehyde formation and oxidation of
methionines had no significant influence on the sequence coverage of cathepsins. Furthermore,
treatment of NalO, oxidizes the N-terminal serine and threonine of proteins but these proteins
are quite rare. Therefore, the loss of N-terminal peptides of these proteins does not represent a

problem for LC-MS/MS analysis of proteins.

4.6 The probe-modified peptides could not be identified

An additional benefit of a cleavable linker is the removal of biotin modified peptides and
enhancement of the ionization. In addition, SDS boiling could disrupt the probe-
protein/peptide adduct which are heat sensitive (132). Therefore cleavable linkers are ideal
tools for the characterization of modification sites of proteins (83, 87). The aldehyde groups in
the probe-peptide adduct have no influence on the characterization of probe-modified peptides
since the reactive aldehydes 4-hydroxynonenal modified peptides were identified successfully
(133). In our study, the active sites were not detected probably due to the large size of the
modified peptides. In the future, we will try to identify the modification site of other families
of enzymes with this cleavable biotin reagent. Instead of trypsin, other digestive methods may
aid to reduce the mass of the modified peptide in the future. In addition, a higher amount of

proteome can increase the abundance of modified peptides.

4.7 Cleavable trifunctional biotin reagents were designed and
synthesized

Clickable biotin reagents can be used for labeling and purification of proteins modified with a
clickable probe in living cells or animals (47). Visualization can then be performed using a
streptavidin-western blot. In addition, clickable fluorophores afforded a straightforward way
for detection of probe-modified proteins but subsequent enrichment of tagged proteins was not

straightforward (13). For protein purification, biotin reagents can be used in a pull-down on
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streptavidin beads and subsequent elution. Before trypsin digestion, the eluted proteins are
usually separated with SDS-PAGE. Proteins are then visualized with silver staining or
coomassie staining. These two protein staining methods, however, are limited in their
sensitivity and fail to visualize low abundant proteins. A tag containing both a biotin and a
fluorophore can overcome this problem by providing a visualization method that is less time
consuming, highly sensitive and compatible with in gel digestion (47, 134). Hence,
trifunctional tags, carrying a ligation handle for conjugate with the probe-protein mixture, a
biotin for immobilization and a fluorophore for protein visualization have become popular,
since they can be applied for both visualization and affinity purification (132, 135). Through
click handles the trifunctional tags are conjugated to probe-protein complexes. The tag-probe-
protein complex can be enriched with the biotin-streptavidin system. The fluorescent group
makes the labeled protein sensitively detectable by in-gel fluorescent scanning, and allows it
to be excised for subsequent MS analysis.

However, due to the strong interaction between biotin and streptavidin harsh conditions are
necessary for the elution of enriched proteins. This usually leads to a contamination of the
sample with non-specifically bound proteins and natively biotinylated proteins, which
complicates target identification. To solve this problem, N3-ethyl biotin, an analog of biotin
with less affinity to streptavidin, was incorporated into trifunctional reagents (82). The new
reagent allowed the immobilized proteins to be released under a mild condition while N3-ethyl
biotin was not cleaved from probe-protein complex. Sieber et al developed a trifunctional
biotin reagent containing a cleavable linker derived from Phenacyl ester (103). However, it
has not been used to enrich and release proteins in a biological system.

We designed and synthesized five different versatile biotin reagents for tandem labeling of
proteins and subsequent immobilization, elution and detection. Biotin-dde-TMR-N; was
assembled by solid phase synthesis and four other reagents were partly synthesized on solid

support, except for the fluorophore coupling which was done in solution.

4.8 Cleavable trifunctional biotin reagents can be used for
protein labeling, immobilization and mild elution

All the reagents except biotin-S-S-TMR-Nj could selectively react with proteins that had been
modified with alkyne-probes in vitro or in living cells. Background labeling occurred for

biotin-S-S-TMR-N;. This phenomenon was also observed in the labeling with other disulfide
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based biotin reagents in previous reports (85). Alkylation of free cysteine in the proteome
prior to conjugation of disulfide based biotin reagents enables reduction of background
labeling (85).

The proteins labeled by trifunctional reagents could be immobilized by streptavidin beads
efficiently. The immobilization efficiency of the disulfide linker and the dde linker was
weaker compared than other linkers. For the disulfide linker, alkylation of free cysteine to
prevent the premature cleavage may improve the immobilization efficiency. For elution of
captured proteins, the trifunctional reagents containing a diol or a dde linker were the most
efficient in chemical elution while diazo and hydrazone containing reagents are less efficient.
For diazo containing reagents, more sensitive cleavable building blocks could be introduced in
the future to increase its elution efficiency. For hydrazone containing reagents, appropriate
structural modifications may increase the sensitivity towards hydroxylamine. In addition,
increasing of cleavage time could be an alternative way to increase the elution efficiency. The
dde based linker represents a novel cleavable linker in protein enrichment strategies. Biotin-
dde is simply acquired by one step synthesis and easily incorporated into trifunctional reagents
by solid phase synthesis. Furthermore, the biotin-dde trifunctional tag has a hidden trypsin
cleavable bond and allows release of the biotin and fluorophore which leads to a small residual

modification.

4.9 Outlook

Due to the inexpensive starting material, simple synthesis, mild elution condition and efficient
background proteins reduction, we anticipate that the diol linker will be valuable tool in
chemical proteomics. Future research could be directed towards different chemical probes and
enzymes to evaluate the efficiency of the diol cleavable linker for the identification of probe-
modified peptides. Beside above mentioned methods, a different workflow can also be helpful
for the site identification; the probe-labeled proteome is first digested, the modified peptides
are then immobilized, followed by chemical elution (102). Alternatively, the probe labeled
proteome can be enriched onto streptavidin beads. On-bead digestion is then followed by
washing and chemical release of the modified peptides (83, 105) (Figure 45). These

workflows can reduce the effect of ion suppression by other, highly abundant tryptic peptides.
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Incorporation of stable isotopes into biotin-diol-alkyne and biotin-diol-azide could also be

carried out to broaden the application of the diol linker in quantitative proteomics.
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Figure 45: The flow charts for isolation of probe-modified peptides.

For trifunctional biotin reagents, further studies will be carried out to quantify the efficiency of
background proteins reduction by comparison of on-bead digestion with chemical elution
digestion with LC-MS/MS analysis. Extension of the length of the linker between the biotin
and the dde motif can be performed to see if a reduction in the steric bulk of the dde next to
the biotin improves the pull down efficiency. The advantage of the biotin-dde-TMR-N; for

probe-modified peptides identification should also be evaluated.
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5 Materials and methods

5.1 Biochemistry

5.1.1 SDS-PAGE and protein detection

5.1.1.1 Preparation of SDS-PAGE gel

All the 15% SDS PAGE gels used in this thesis were made in our laboratory. The solutions for
preparation of 10 mini gels and 2 Triple-wide gels are prepared as shown in Table 1.
Tetramethylethylenediamine (TEMED) is added to the solution as a last step. The solution is
mixed gently and gels are poured as soon as possible. 2-propanol (200 pl for each mini gel and
Iml for each Triple-wide gels) is overlaid on top of separating gels. After polymerization and

removal of 2-propanol (0.5h-1h), the stacking gels is poured. The gels are covered with wet

paper and stored at 4 °C.
Table 12.Recipes for SDS gels

For 10 mini gels For 2 Triple-wide gels

Stacking gels | separating gels Stacking gels separating
Tris buffer 15 ml 20 ml 3.75 ml 2(1;;12 ml
30% acrylmide | 9.6 ml 40 ml 2.5 ml 25 ml
dd H,O 35ml 20 ml 8.75 ml 12.5 ml
Total 59.6 ml 80 ml 15 ml 50 ml
10% APS 450 550 100 W 250 ul
TEMED 35u 35u 10 u 25 u

5.1.1.2 SDS-PAGE

To the samples 4X sample buffer (16 pl for 50 pl protein sample) was added. 30 pl of the
mixed solution was loaded onto the SDS-PAGE. Gel electrophoresis was done at 120 V, 40
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mA for 10 lane mini gels and 120V, 250 mA for triple-wide gels. The gel running was stopped
when the blue dye front was at the bottom of the gel.

5.1.1.3 Proteins visualized by in-gel fluorescent scanning

Tetramethylrhodamine-labeled samples were resolved on a 15% SDS polyacrylamide gel. The
glass plate of SDS-PAGE gel was washed with H,O and dried with paper. The gel, in the glass

plates, was directly scanned on a Typhoon Trio+. Raw image data were analyzed with Image

J (NIH).
5.1.1.4 Biotin-streptavidin western blot

Biotinylated probes labeled samples were resolved on a 15% SDS polyacrylamide gel.
Separated proteins were transferred to a nitrocellulose membrane. The membrane was blocked
with 3% milk in PBST (0.1% Tween in PBS) for 1h at room temperature or overnight at 4 °C.
Then the membrane was washed with PBST (3x5 min) and incubated with streptividin-
peroxidase (sigma, diluted 3500 x from a Img/ml stock solution) for 1h. The membrane was
washed with PBST (3x15min). Then the membrane was treated with ECL plus (GE healthcare;
catalog # RPN 2132) 0.5-1 mL: incubation for 2 minutes) and exposed to Kodak X-omat LS
film (180x240 mm).

5.1.1.5 Coomassie blue staining

SDS-PAGE gels were incubated with freshly made coomassie staining solution (ddH,O :
Methanol : Roti®-Blue = 3: 1: 1) (Roti®-Blue, colloidal Coomassie; Carl Roth) overnight.
The SDS-page gels were washed with ddH,O 5 times and incubated with ddH,O for 30min.

5.1.1.6 Silver staining

Gels with a low amount of proteins were stained by silver staining, which is more sensitive
than Coomassie blue staining. The solutions needed in this process were prepared in the lab.

The gel was treated following the workflow below. 1) Incubate the gel for 1h in Fix-sln; 2)
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Wash the gel with MeOH/ddH,O (1:1) for 2x 15 min; 3) Incubate the gel in pretreat-sin for 1
min; 4) Wash the gel with ddH,O 3x 20 s; 5) Impregnate the gel with impregnation-sin for 20
min; 6) Wash the gel with dd H,O 2x 30 s; 7) Incubate with develop-sin until the appearance
of bands. 8) Wash with stop-sln 2x 10 min.

5.1.2 Cell culture

RAW 264.7 cells were cultured in DMEM medium containing 10% heat-inactivated fetal
bovine serum (FBS), 100 units/mL penicillin, and 100pg/mL streptomycin and maintained in a
humidified 37 °C incubator with 5% CO..

5.1.3 Preparation of cell lysate and rat liver homogenate

To generate lysates, cells were washed twice with cold phosphate-buffered saline (PBS),
harvested by usage of a cell scraper, and collected by centrifugation. Cell pellets were then
washed with PBS and lysed with different lysate buffers on ice for 30 min. The mixture was
centrifuged (15000 rpm, 4°C, for 20 minutes) to remove unlysed cells and cell debris. The
supernatant was snap-frozen in liquid nitrogen and stored at -80°C. Protein concentration was
determined by Bradford or DC protein assay (Bio-Rad).

For the rat liver homogenate, a piece of rat liver was washed with PBS to get rid of hair and
fat. Then it was cut into small chunks and combined with lysis buffer (50 mM acetate pH 5.5,
5 mM MgCl,, 250 mM sucrose and 2 mM DTT). The liver/buffer mixture was dounced 15x
on ice. After douncing, the mixture was centrifuged (2000 rpm, 4°C for 10 min) to remove
unlysed tissue, then centrifuged (15000 rpm, 4°C, for 20 minutes) to remove cell debris. The
supernatant was collected, snap frozen in liquid nitrogen and stored at -80°C. The protein

concentration was determined by Bradford or DC protein assay (Bio-Rad).

5.1.4 Labeling of cathepsins in situ and in vitro

In situ labeling: Cells with nearly 90% confluence were incubated with fresh medium. Probes
(in DMSO stock solution) were added to the medium (final concentration of DMSO is 0.1%).
Cells were maintained in a humidified 37°C incubator with 5% CO, for the indicated time.
Cells were washed with PBS (3x) and disrupted in different lysate buffers.

In vitro labeling: Cell lysate and rat liver lysate were incubated with probes for indicated time
at room temperature. The reaction was stopped by adding 4xSB buffer and the proteins were

separated by SDS-PAGE. Proteins were visualized by different methods dependent on the
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labeling tags. For bioconjugation chemistry, the labeled proteome was run through a Zeba spin
column (for small scale) or PD-10 column (for large scale) to get rid of free clickable probes.
The elution was subjected to click chemistry. For pull down, the labeled proteome was run
through a Zeba spin column (for small scale) or PD-10 column (for large scale) to remove free

biotinylated probes. The biotinylated probes can also be removed by acetone precipitation.

5.1.5 Competition experiment

Competition experiments were used to test the activity, selectivity and cell permeability of
new probes (114) (usually the probe itself has no tags for detection). In vitro, biotinylated
probe was added to a lysate which was pretreated with new probes for the indicated time. In
addition, lysate was directly incubated with biotinylated probes as a control. In living cells,
new probes were added to the medium and cells were grown for the indicated time and a
lysate was prepared using standard conditions. The cell lysate was labeled with biotinylated
probe. Lysates from control cells were also labeled with biotinylated probe. The labeled

proteomes were separated with SDS PAGE and visualized by biotin streptavidin blot.

5.1.6 Acetone precipitation

The samples were added to 4 volumes of cold acetone (pre-stored at -20 °C). The mixture was
vortexed and stored at -20 °C for 30 min, then centrifuged at 4 °C, 10000-15000 g for 10 min.
The supernatant was carefully removed, making sure not to dislodge the protein pellet. The
acetone was evaporated at room temperature for 20-30 min. The pellet was dissolved in 1%

SDS in PBS. If necessary, the SDS was diluted with PBS.

5.1.7 Click chemistry

To clickable probe labeled proteomes from living cells and elutions from Zeba spin columns
or PD-10 columns the clickable tag (25-50 uM, from a 5 mM stock solution in DMSO),
TBTA (50 uM, from a 5 mM solution in DMSO), CuSO, (1 mM, from a 25 mM solution in
ddH,0) and TCEP (1 mM, from a 25 mM in dd H,0) were added. The solutions of CuSO, and
TCEP were freshly made. The reaction mixture was incubated at room temperature for 0.5-1h.
For pull down, free probes were removed by column (Zeba spin column for small scale and
PD-10 column for large scale) or by acetone precipitation. For SDS-PAGE, 4XSB buffer was
added to stop reaction and separated by SDS-PAGE. For fluorophore labeled samples, the
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reaction was stopped by acetone precipitation to remove free fluorophore tags. The protein

pellet was redissolved in 1X SB and loaded onto SDS-PAGE.

5.1.8 Immobilization

For probe-modified proteome, 50 pg of probe labeled proteome (no free probe present) was
kept as a control to detect the efficiency of immobilization. Streptavidin beads were washed
with PBS for 5-6 times. Probe labeled proteome was added to streptavidin beads and the
mixture was shaken for 1-5h at room temperature. After centrifugation, the supernatant was
taken out. The same amount of proteome from control and supernatant was loaded on SDS-
PAGE and labeled proteins were visualized by biotin streptavidin blot. The efficiency of

immobilization was determined by comparison of the labeled proteins in two samples.

5.1.9 Comparison of chemical release and SDS boiling

After immobilization, streptavidin beads were washed with indicated buffers and then divided
into equal aliquots. For SDS boiling, the beads were added to 1XSB and boiled at 90 °C for
Smin. The warm elution was taken out as soon as possible. For chemical release, the beads
were treated with chemical release buffer and shaken for the indicted time. Next, the beads
were washed with the indicated buffers. Chemical elution and wash solution were combined
and 1/3 volume of 4XSB buffer was added. Subsequent boiling of the beads was carried out to
see the left protein after chemical release. The final volume of chemical elution and SDS
boiling should be kept equal. The same amount of the solution was loaded onto SDS PAGE.
The proteins were visualized and the efficiency of chemical release and SDS boiling release

was determined by comparison of the intensity of target bands.

5.1.10 On-bead digestion and chemical release based in solution

digestion

The beads were sequentially washed with a series of buffers containing 1% SDS in PBS, 4 M
urea in H,O, 1 M NaCl in PBS, and 10% EtOH in PBS and finally the beads were washed with
PBS buffer 3 times. After washing, beads were either used for on-bead digestion or chemical
elution. For on-bead digestion, streptavidin beads with bound proteins were resuspended in

100 pl of denaturing buffer (50 mM ammonium hydrogen carbonate, 6 M urea). Bound
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proteins were reduced in the presence of 10 mM DTT for 1 h. Samples were alkylated by
addition of 200 mM iodoacetamide (20 pl) and incubated for 1 h in the dark. Unreacted
iodoacetamide was neutralized by addition of 200 mM DTT (20 pl). The urea concentration
was reduced by addition of distilled H,O (800 pl). Samples were incubated with trypsin
overnight at 37 °C and purified on a Vivapure C18 spin column (Sartorius). Chemical elution
was performed by addition of elution buffer 50 pl (10 mM sodium periodate in 100 mM
sodium phosphate buffer, pH 7.4) for 30 min in the dark. The cleavage buffer was removed
and replaced with fresh solution. The two eluted supernatants were combined and desalted
with a Zeba spin desalting column. To the eluate (100 pl; 100 mM ammonium hydrogen
carbonate) was added 12 M urea (100 pl) and the sample was prepared for LC-MS/MS

analysis as described for the on-bead digestion.

5.1.11 Protein identification with LC-MS/MS

(Samples were measured in Chair of proteomics and bioanalytics, TUM) Nanoflow LC-
MS/MS of tryptic peptides was performed by coupling an Eksigent nanoLC-Ultra 1D+
(Eksigent, Dublin, CA) to a LTQ Orbitrap Velos (Thermo Scientific, Bremen, Germany).
Tryptic peptides were eluted from the Vivapure spin columns with 50/50 water/ACN (20 ul
0.1% FA) and 10 pl were injected for each analysis. Peptides were delivered to a trap column
(100 pm i.d. x 2 cm, packed with 5 pm C18 resin, Reprosil PUR AQ, Dr. Maisch, Ammerbuch,
Germany) at a flow rate of 5 pL/min in 100% buffer A (0.1% FA in HPLC grade water). After
10 min of loading and washing, peptides were transferred to an analytical column (75 pmx40
cm C18 column Reprosil PUR AQ, 3pm, Dr. Maisch, Ammerbuch, Germany) and separated
using a 110 minute gradient from 7% to 35% of buffer B (0.1% FA in ACN) at a flow rate of
300 nL/min. The mass spectrometer was operated in data dependent mode, automatically
switching between MS and MS2. Full scan MS spectra were acquired in the Orbitrap at 30,000
resolution, and tandem MS spectra were acquired at 7500 resolution. Internal calibration was
performed using the ion signal (Si(CH;),0)¢H  at m/z 445.120025 present in ambient
laboratory air. Tandem mass spectra were generated for up to ten peptide precursors using
higher energy collision dissociation (136). Precursors were dynamically excluded from
fragmentation for 20 sec, and unassigned charge states as well as singly charged ions were

rejected.
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5.1.12 LC-MS/MS data processing and analysis

Peak picking and processing of raw MS data was performed using the Mascot Distiller
software (version 2.3, Matrix Science, London, UK) and peak list files were submitted to
Mascot (version 2.3.01, Matrix Science, London, UK) for peptide and protein identification.
The Mascot database search was performed against either the SwissProt database (version 57)
with taxonomy restricted to Rattus for the rat liver lysate samples or against the UniProtKB
mouse complete proteome set (download date 26/10/2010) for the RAW cell samples
including protein sequences of common laboratory contaminants and with the Mascot built-in
target-decoy database search option was enabled. Search parameters included a precursor
tolerance of 10 ppm, a fragment tolerance of 0.02 Da, and accounted for the oxidation of
methionine (+15.9949 Da), the carbamidomethylation of cysteine residues (+57.0215 Da), and
the modification by cleaved diol-DCG-04 with and without hydration (622.2928 and 640.3034
Da) or clicked and cleaved azido-E64 with and without hydration (466.2254 and 484.2360 Da),
all as variable modifications. The Mascot search result files were analyzed using Scaffold
version 3.3.1 (Proteome Software Inc., Portland, USA). Threshold parameters (protein
probability, 99%; minimum number of peptides, 2; peptide probability, 95%) were highly

conservative and resulted in a peptide and protein false discovery rate of 0%.

5.1.13 Detection of the cleavage of chemical probes and tags

5.1.13.1 Detection of the cleavage of diol-DCG-04

Diol-DCG-04 (2 mM in DMSO, 20 uL) was added to 400 pl of NalO, (10 mM in SP buffer,
pH 7.4). The solution was stirred for 1 h at RT. Then solution was subsequently purified with
a C18 column (Pierce). The bound material was eluted with 0.1% FA in 50% ACN/H,0 and
detected by LC-MS.

5.1.13.2 Detection of the reaction between bradykinin and the

cleavage products of diol-DCG-04

4uL of Diol-DCG-04 (2 mM in DMSO) and 8 pL of bradykinin (1M in DMSO) were added to
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4 mL or 0.8 mL of cleavage buffer (10 mM of NalO, in SP buffer, pH 7.4). The solution was
stirred in the dark for 1 h at room temperature. Then the solution was purified with a C18
column (Pierce) following the protocol provided by the supplier. The bound material was
eluted with 0.1% FA in 50% ACN/H,O (50 pl). As a control, 10 pL of bradykinin (IM in
DMSO) was added to 0.4 mL of cleavage buffer (10 mM of NalO,, SP buffer, pH 7.4). The
solution was stirred for 1 h and purified with a C18 column followed by analysis with LC-MS.

5.1.13.3 Detection of the cleavage of biotin-dde-TMR-Nj;

For cleavage by hydrazine, biotin-dde-TMR-Nj; (1pul of 5 mM of stock solution in DMSO) was
added to hydrazine solution (100 mM of hydrazine in H,O, 1 ml) or Tris buffer (200 mM Tris,
0.05% SDS, pH 8.5, 1ml). The solutions were stirred 14h at room temperature. The solutions
were concentrated with a C18 stage tip (137) and eluted with 100 pl of 50% MeCN/H,0, 0.1%
FA. 1ul of solution was analyzed by LC-MS. To detect the hidden tryptic cleavage site, the
elution from hydrazine treated sample was evaporated in a speed vac. Acetonitrile (10 pl) was
added to dissolve the residue. 100 mM of NH,HCO; (1 ml) and trypsin (1pg) were added. The
solution was incubated overnight at 37 °C. The solution was concentrated with a C18 stage tip
and eluted with 100 pl of 50% MeCN/H,0, 0.1% FA. 1 pl of solution was analyzed by LC-
MS.

5.2 Synthesis of chemical probes and cleavable biotin
reagents

5.2.1 General methods for chemistry synthesis

Unless otherwise noted, all reagents were purchased from commercial suppliers and used
without further purification. Reactions were analyzed by thin-layer chromatography or LC-MS.
Target compounds were purified with HPLC and silica column chromatograph. The purity
was characterized by NMR or LC-MS.
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5.2.1.1 LC-MS

All LC-MS runs were performed on an Agilent 6210 LC-MS equipped with an
electrospray TOF, using an Agilent Zorbax-SB C18 column (150 x 0.5 mm) and a
gradient of 0-100% MeCN in water + 0.1% formic acid.

5.21.2HPLC

Preparative HPLC purification was performed on a Waters 515 HPLC system using a X-
bridge C18 column. Purifications were performed at room temperature and compounds were
eluted with increasing concentration of acetonitrile (solvent A: 0.1% TFA in water, solvent B:
0.1% TFA in acetonitrile). The collected fractions were analyzed by direct injection of diluted
faction to ESI-TOF. The solution containing products was frozen in liquid N, and lyophilized.

The resulting powder was stored in -20 °C.

5.2.1.3 Silica column purification

Silica gel (grain distribution of 0.04-0.063 mm, pore size of 60 A, silica gel 60 was used to
prepare chromatography columns. EtOAc/PE and DCM/MeOH were solvent systems in our

study. For purification of compound with free amine, 1% of NH,OH was added to the solvent.
5.2.1.4 Thin layer chromatography

Thin layer chromatography was used to detect the reaction and silica column purification.
High concentration of solution was diluted with DCM before spotted on thin layer
chromatography Plate (ALUGRAM sil G/UV254 from Roth). Samples (not colored) were
visualized with UV and staining solution. Four different staining solutions were prepared and
used in our synthesis. Cerium-ammonium-molybdate solution is a universal staining.
Ninhydrin solution is for free amines. Dinitrophenylhydrazine solution is good for aldehydes

and ketones. Basic KMnQj, solution is for alkynes and alkenes.
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5.2.1.5 NMR

'H and C NMR spectra were measured on a Bruker AM-400 spectrometer in CDCl; or
DMSO-d¢ using residual non-deuterated solvent peak as an internal reference (6H = 7.26 ppm
for CDCl; and 6H = 2.5 ppm for DMSO-ds). Assignment abbreviations: s (singlet), d (doublet),
dd (double doublet), t (triplet), m (multiplet), bs (broad singlet). COSY and DEPT were used
as a guide to assign signals in 'H-spectra where required. Chemical shifts (J) are reported in

parts per million (ppm), and the coupling constants (J) are given in Hertz (Hz)

5.2.1.6 Solid phase synthesis

Fmoc-Rink amide resin was used as solid support to synthesized probes and biotin reagents.
The reaction was carried out in polypropylene cartridge (ERC GmbH, 3 ml of polypropylene
cartridge for 25 pumol scale synthesis, 6 ml of polypropylene cartridge for 50-100 pmol scale
synthesis and 12 ml of polypropylene cartridge for 200 pmol scale synthesis). Polypropylene
cartridge was fitted with stopcocks and connected to a 12 well port vacuum manifold that was
used to drain solvents and reagents from the polypropylene cartridge. The resin was swelled in
DMF. Fmoc is removed by treatment with 20% piperidine in DMF for 20 min followed by
washing with DMF (3 x). The building block was coupled under the influence of coupling
reagents (DIC/HOBt, DIEA/HBTU or DIEA/PyBOP). After coupling, the resin was washed
with DMF (3 x) and DCM (3 x). Kaiser-test was performed to detect the coupling
efficiency. If the coupling was complete, DMF was used to wash resin to get rid of DCM.
New building block was loaded following the same process. After all building blocks are
loaded on to resin, resin is washed with DMF (3x) and MeOH (3 x) followed by treated with
cleavage cocktail. The mix was collected and resin was washed with TFA (2 x). These
solutions were combined and TFA was removed by cold ether precipitation or evaporation
under reduced pressure. Products were dissolved in a minimal amount of DMSO and purified

by HPLC.

5.2.2 Synthesis of dimethyl 2,3-O-isopropylidene-L-tartrate 1

92



Materials and methods

L-tartaric acid (10.1 g, 67.3 mmol) was added to a solution of methanol (4 ml) and p-
toluenesulfonic acid (40 mg, 0.23 mmol) and 2, 2-dimethoxypropane (19 ml). The solution
was stirred under reflux at 50°C for 2 h. Another 10 ml 2,2-dimethoxypropane and dry
cyclohexane (40 ml) was added. The solution was (heated) to 68°C and refluxed for 2 days and
the volatile compounds (acetone, methanol) with cyclohexane were slowly removed by simple
distillation. Anhydrous potassium carbonate (100 mg) was added to neutralize the reaction.
The solvent and unreacted 2,2-dimethoxypropane were removed under reduce pressure. The
crude compound was purified by vacuum distillation and isolated as a light yellow oil 10.9 g
(50 mmol, 74%). '"H NMR (400 MHz): 4.81 (s, 2H), 3.83 (s, 6H), 1.50 (s, 6H). °C DEPT
NMR (400 MHz): 76.99, 52.83, 26.30.

5.2.3 Synthesis of methyl 2,3-O-isopropylidene-L-tartrate 2

To a solution of dimethyl 2,3-O-isopropylidene-L-tartrate (2.06 g, 9.468 mmol) in CH;0H (20
ml) was added a solution of KOH (531.24 mg, 9.468 mmol) over 1h. The reaction was stirred
overnight and evaporated. The resulting residue was dissolved in Et,0O (30 ml) and washed
with 10 ml saturated NaHCO; solution. The aqueous portion was acidified to pH 3.5 with 3 M
HCI and extracted with Et,0O (8 x 20 ml). The combined Et,O extracts were dried and
evaporated to give a colorless oil 1.21g (63%). '"H NMR (400 MHz ): 4.89 (d, 1H, J = 6.0 Hz),
4.83 (d,1H, J = 5.5 Hz), 3.85 (s, 3H), 1.53 (s, 3H), 1.51 (s, 3H). °C DEPT NMR (400 MHz):
77.04,76.46, 53.03, 26.33, 26.29.

5.2.4 Synthesis of ethyl (2S, 3S)-epoxysuccinate 4

Diethyl (2S, 3S)-epoxysuccinate (3): 33% HBr/AcOH (40 ml) was added to diethyl-D-tartrate
dropwise (10.308 g, 50 mmol) at 0°C. After the last drop of HBr/AcOH was added, the
solution was stirred overnight at RT. The solution was extracted with diethyl ether and washed
with water (4 x) and brine. The organic layer was dried with MgSO, and concentrated under
reduced pressure. EtOH (75 ml) and acetyl chloride (2 ml) was added to the resulting oil. The
solution was heated and refluxed for 6 hours. Concentration under reduced pressure yielded
pale-yellow oil. The pale-yellow oil was added diethyl ether (75 ml) and put on the ice. DBU
(7.46 ml, 50 mmol) was added to diethyl ether (37.5 ml). The mixed solution was added to the
pare-yellow oil dropwisely at 0°C. After 2 h, H,O (12.5 ml) was added to the solution and the
reaction stirred for another 30 min. Then the solution was washed with 1M KHSO, and H,O.
The organic layer was dried with MgSO, and concentrated under reduced pressure. The
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resulting oil (4.3 g) was purified by vacuum distillation and isolated as light yellow oil (3.52 g,
37%).

Ethyl (2S, 3S)-epoxysuccinate (4): Diethyl (2S, 3S)-epoxysuccinate (1.88 g, 10 mmol) was
dissolved in EtOH (25 ml) and placed in an ice bath. KOH (0.5611g, 10 mmol) was dissolved
in EtOH (15 ml) and dropwise added to the colorless solution over 15 min. The reaction was
stirred at RT and detected by TLC. After the reaction was complete, the solvent was removed
by evaporation. Water (30 ml) was added and then the solution was washed by DCM (10 ml).
The aqueous layer was acidified with concentrated HCI and NaCl (8.5 g) was added. The
solution was extracted with EtOAc (4 x 30 ml). The organic layer was combined and dried by

MgSO;. The residue was concentrated yielding colorless oil (1.3 g, 81%).

5.2.5 Synthesis of diol-DCG-04 5

The Fmoc of Rink resin (84 mg, 50 pmol) was deprotected by 20% piperdine in DMF. Fmoc-
Lys(biotin)-OH (44 mg, 75 pmol), DIC (23ul, 150 umol), HOBt hydrate (23 mg, 150 pmol)
were dissolved in 1.5 ml of NMP and the solution was added to the resin and the reaction was
agitated overnight. Fmoc group was deprotected and washed. Methyl 2,3-O-isopropylidene-L-
tartrate (30 mg, 147 umol), DIC (23.6 ul, 150 umol), HOBt hydrate (23 mg, 150 umol) were
added and the reaction was kept for 6 h. The resin was washed with DMF and 1,8-diamino-
3,6-dioxaoctane (1 ml) was added for overnight. 1,8-diamino-3,6-dioxaoctane was washed
with DMF followed by coupling of Fmoc-Tyr(tBu)-OH (69 mg, 150 pmol) with DIC (23.6 pl,
150 pmol), HOBt hydrate (23 mg, 150 pmol) for 3 h. The Fmoc was deprotected followed by
washing and adding Fmoc-Leu-OH (52.95 mg, 150 pmol), DIC (23.6 pl, 150 pmol), HOBt
hydrate (23 mg, 150 umol). The coupling of Fmoc-Leu-OH was kept for 3 h. After remove of
Fmoc, ethyl (2S, 3S)-epoxysuccinate (24 mg, 150 pmol), DIC (23.6 pl, 150 umol) and HOBt
hydrate (23 mg, 150 pmol) were added overnight. Diol-DCG-04 was cleaved from resin by
incubation with a solution of TFA: TIS: H,0 (90%: 2.5%: 7.5%) for 3 hours. The peptide was
precipitated in cold diethyl ether and purified by HPLC using a linear gradient of 10-70% B
yield building block (9 mg, 17%). ESI-MS: [M+H]" calculated for C4;H;3N¢O6S 1052.4896,
found 1052.4897. "H NMR (400 MHz ): 8.52 (d, 1H, J = 4.4 Hz), 8.08 (d, 1H, J = 8.0 Hz), 7.9
(t, 1H,J=5.6 Hz), 7.73 (t, 1H, J=5.6 Hz), 7.68 (d, 1h, J=8.0 Hz), 7.65 (t, IH, J=6.0 Hz),
7.35 (s, 1H), 7.16 (s, 1H), 6.97 (d, 2H, J = 8.4 Hz), 6.61 (d, 2H, J = 8.4 Hz), 6.42 (bs, 2H),
4.39 -4.27 (m, 4H), 4.24-4.11 (m, SH), 3.71 (d, 1H, J= 1.6 Hz), 3.59 (d, 1H, J = 2.0 Hz), 3.54-
3.46 (m, 4H), 3.43 (t, 2H, J = 6.0 Hz), 3.38- 3.07 (m, 7H), 3.01- 2.94 (m, 2H), 2.82(dd, 2H, J
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=5.2 Hz, J=12.8 Hz), 2.71-2.65 (m, 1H), 2.57(d,1H, J = 12.4 Hz), 2.035 (t, 2H, J = 7.2 Hz),
1.75-1.28 (m, 15H), 1.23 (t, 3H, J = 7.2 Hz), 0.86 (d, 3H, J = 6.4 Hz), 0.822 (d, 3H, J = 6.4
Hz).

5.2.6 Synthesis of TMR-diol-DCG-04 7

The Fmoc of Rink resin (84 mg, 50 pmol) was deprotected by 20% piperdine in DMF. Fmoc-
Lys(biotin)-OH (44 mg, 75 umol), DIC (23.6 ul, 150 umol), HOBt hydrate (23 mg, 150 umol)
were dissolved in 1.5 ml of NMP and the solution was added to the resin and the reaction was
agitated overnight. Fmoc group was deprotected and washed. Methyl 2,3-O-isopropylidene-L-
tartrate (32.7 mg, 160 umol), DIEA (52 ul, 300 umol), PyBOP (78 mg, 150 umol) were added
and the reaction was kept for 3 h. The resin was washed with DMF and incubated with 0.25M
KOH in EtOH for 2 x 20 min. The resin was washed with 1% AcOH in EtOH and DMF.
Mono-Fmoc-ethylenediamine (47.7 mg, 150 pmol), DIEA (52 ul, 300 pmol), PyBOP (78 mg,
150 pmol) was added and the reaction was kept for 3h. N-terminal of Fmoc was removed
followed by adding Fmoc-Lys(Boc)-OH (70 mg, 150 pmol), DIC (23.6 ul, 150 umol), HOBt
hydrate (23 mg, 150 pmol). After deprotection, Fmoc-8-amino-3, 6-dioxaoctanoic acid (58 mg,
150 umol) was introduced under the influence of DIC (23 pl, 150 pmol), HOBt hydrate (23
mg, 150 pmol). After deprotection, Fmoc-Tyr(tBu)-OH (69 mg, 150 pmol) with DIC (23.6
150 pmol), HOBt hydrate (23 mg, 150 pmol) were added for 3 h. The Fmoc was deprotected
followed by washing and adding Fmoc-Leu-OH (52.95 mg), DIC (23 nl, 150 umol), HOBt
hydrate (23 mg, 150 umol). The coupling of Fmoc-Leu-OH was kept for 3 h. After remove of
Fmoc, ethyl (25, 3S)-epoxysuccinate (24 mg, 150 umol), DIC (23.6 ul, 150 umol), HOBt
hydrate (23 mg, 150 pmol) were added overnight. Cleavable building block 6 was cleaved
from resin by incubation with a solution of TFA: TIS: H,O (90%: 2.5%: 7.5%) for 3 hours.
The peptide was precipitated in cold diethyl ether and purified by HPLC using a linear
gradient of 20-60% B yield building block (3.8 mg, 6.2%). ESI-MS: [M+H]" calculated for
Cs4HggN1,015S 1237.6060, found 1237.6040. To a solution of build block 6 (1.5 mg, 1.2 pmol)
in DMSO (100 pl), 5(6)-carboxytetramethylrhodamine succinimidyl ester (0.768 mg, 1.44
pmol) and DIEA (0.223 pl, 1.3 pmol) was added and kept overnight. The solution was
purified by HPLC using a linear gradient of 30-70% B yield TMR-diol-DCG-04 (1.1 mg,
56%). ESI-MS: [M+2H]2+ calculated for CgsH;(sN;40,,S 825.3739, found 825.3721.
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5.2.7 Synthesis of biotin-diol-azide 8

The Fmoc of Rink resin (84 mg, 50 pmol) was deprotected by 20% piperdine in DMF. Fmoc-
Lys(N3)-OH (30 mg, 75 umol), DIC (23.6 ul, 150 pmol), HOBt hydrate(23 mg, 150 umol)
were dissolved in DMF and the solution was added to the resin and the reaction was agitated
overnight. Fmoc group was deprotected and washed. Methyl 2,3-O-isopropylidene-L-tartrate
(32.7 mg, 160 pmol), DIC (23.6 ul, 150, pmol), HOBt hydrate (23 mg, 150 umol) were added
and the reaction was kept for 3 h. The resin was washed with DMF and incubated with 1,8-
diamino-3,6-dioxaoctane (1 ml) overnight. The resin was washed with DMF followed by
adding biotin (36.5 mg, 150 pmol), DIEA (52 pl, 300 umol), PyBOP (78 mg, 150 umol) and
the reaction was kept for 3h. Biotin-diol-azide was cleaved from resin by incubation with a
solution of TFA: TIS: H,O (90%: 2.5%: 7.5%) for 3 hours. The peptide was precipitated in
cold diethyl ether and purified by HPLC using a linear gradient of 10-40% B yield building
block (6.73 mg, 20%). ESI-MS: [M+H]" calculated for C,sH4sNoOoS 660.3061, found
660.3127.

5.2.8 Synthesis of biotin-diol-alkyne 11

Compound 9: To a solution of methyl 2,3-O-isopropylidene-L-tartrate 2 (448 mg, 2.2 mmol)
in DMF (10 ml) was added propargylamin-hydrochlorid (183 mg, 2 mmol), HBTU (758 mg, 2
mM) and DIEA (690 pl, 4 mmol), the reaction was stirred overnight and evaporated. The
resulting residue was dissolved in DCM and washed with saturated NaHCO;, 1 M KHSO,4 and
brine. The organic layer was dried on MgSO, and concentrated under reduced pressure. Silica
column chromatograph [10-40% EtOAc in PE] afforded the title compound (347.4 mg, 72%).
ESI-MS: [M+H]" calculated for C,;H;sNOs 242.0950, found 242.1047. '"H NMR (400 MHz ):
6.7 (bs, 1H), 4.79 (d, 1H, J=5.0 Hz), 4.76 (d, 1H, J= 5.0 Hz), 4.17-4.04 (m, 2H), 3.83 (s, 3H),
227 (t, 1H, J = 2.4 Hz), 1.51 (s, 3H), 1.49 (s, 3H). "°C DEPT NMR (400 MHz): 77.68, 77.30,
52.89, 38.62, 28.88, 26.60, 26.22.

Compound 10: To a solution of compound 9 (183 mg, 0.76 mmol) in Toluene (1 ml) was
added 1,8-diamino-3,6-dioxaoctane (555 ul, 3.8 mmol). The reaction was stirred at 80°C
overnight. The solvents were evaporated in vacuo, and the product was purified to
homogeneity by silica gel chromatography (MeOH/DCM/NH,OH 0/10/0.1 to 1/10/0.1) to
yield compound 10 (231mg, 0.646 mmol, 85%). ESI-MS: [M+H]" calculated for C,sH,;N;05
358.1900, found 358.2207. '"H NMR (400 MHz ): 7.40 (bs, 1H), 7.22 (bs, 1H), 4.61 (d, 1H, J
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= 0.8 Hz), 4.58 (d, 1H, J = 7.2 Hz), 4.17-4.05 (m, 2H), 3.65- 3.46 (m, 10H), 2.88 (t, 2H, J =
5.2 Hz), 2.25 (t, 2H, J = 2.4 Hz), 1.54 (bs, 2H), 1.51 (s, 3H), 1.49 (s, 3H). °C DEPT NMR
(400 MHz): 77.46, 77.29, 73.48, 70.46, 70.26, 69.55, 41.75, 39.04, 28.98, 26.22, 26.07.
Synthesis of biotin-diol-alkyne 11: To a solution of compound 10 in DMF (728 pl) was
added biotin (39.2 mg, 0.16 mmol), HBTU (60.9 mg, 0.16 mmol) and DIEA (27.6 pl, 0.16
mmol), and the reaction was stirred overnight. The solvents were evaporated in vacuo, 90%
AcOH in water (3 ml) was added, and the mixture was stirred at 80°C overnight. Solvents
were evaporated in vacuo and the product was purified by HPLC using a linear gradient of 10
-30% B yield biotin-diol-alkyne (20 mg, 25%). ESI-MS: [M+H]" calculated for C,sH,4NsOsS
544.2363, found 544..2407; "H NMR (400 MHz ): 8.06 (t, 1H, J = 5.6 Hz), 7.83 (t, IH, J=5.6
Hz), 7.63 (t, 1H, J = 6.0 Hz), 6.41 (bs, 2H), 4.30 (dd, 1H, J= 7.6 Hz, J= 5.2 Hz), 4.24 (dd, 2H,
J=8.8Hz,J=1.6 Hz), 4.13 (dd, 1H, J=7.6 Hz, J = 4.4 Hz), 3.96 - 3.56 (m, 2H + DMSO),
3.51 (m, 4H), 3.44(t, 2H, J = 6.0 Hz), 3.40 (t, 2H, J = 6.0 Hz), 3.1-3.1 (m, 5H), 3.05 (d, 1H, J
=2.4 Hz), 2.82 (dd, 1H, J=5.2 Hz, J = 12.4 Hz), 2.58 (d, 1H, J = 12.4 Hz), 2.07 (t, 2H, J =
7.2 Hz), 1.65-1.25 (m, 6H).

5.2.9 Synthesis of azido-E64 14

Azido-proplyamine (12): Chloropropylamine (1.3 g, 10 mmol) was dissolved in H,O (10 ml).
Sodium azide (1.95 g, 30 mmol) was added. The solution was heated at 80°C overnight. The
flask was cooled on ice. EtOAc (20 ml) was added. KOH (0.8 g) was added slowly. The
solution was extracted with EtOAc (3 x). The organic layer was combined and dried with
MgSQO,. The organic solvent was evaporated and yielded colorless oil (750 mg). The
compound was used in the subsequent reaction without further purification.

Compound 13: Boc-Leu-OH (462 mg, 2 mmol) was added to dry dioxane (2-3 ml) and the
solvent was removed under reduced pressure. The process was repeated 2 more times to dry
Boc-Leu-OH. THF (10 ml) was added and cooled to -20°C. BCF (287 pL, 2.2 mmol) and
NMM (263 d, 2.4 mmol) was added. The reaction was kept at -20°C under N, for 15 min.
Then azido-proplyamine (220 mg, 2.2 mmol) and 4-methylmorpholine (242 mg, 2.4 mmol)
were added in 2 min. The reaction was kept 3 h at RT. The solvent was evaporated and the
residue was dissolved in EtOAc and washed with 1M KHSO, and saturated NaHCO; and
dried by MgSO,. Evaporation of EtOAc resulted in target compound (583 mg). ESI-MS:
[M+H]" calculated for C;,H,7N5O; 314.2114, found 314.2617.
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Azido-E64: Boc-Leu-azide (200 mg, 0.638 mmol) was added to 25% TFA/DCM for 1h. After
evaporation of TFA/DCM, toluene were added and evaporated (2 x) to get rid of TFA. The
residue was dissolved in DMF (5 ml) and ethyl (2S, 3S)-epoxysuccinate (102 mg, 0.638
mmol), HBTU (266 mg, 0.7 mmol) and DIEA (122 pL, 0.7 mmol) were added. The reaction
was kept overnight. The solvent was evaporated. EtOAc was added and washed with 1M
KHSO,, saturated NaHCO; and dried by MgSO,. The solvent was removed under reduced
pressure. Silica column chromatograph [40-60% EtOAc in PE] afforded the title compound
(80.8 mg, 35%). ESI-MS: [M+H]" calculated for C;sH,sNsO5 356.1856, found 356.1991.

5.2.10 Synthesis of alkyne-E64 16

Compound 15: Boc-Leu-OH (462 mg, 2 mmol) was added to dry dioxane (2-3 ml) and the
solvent was removed under reduced pressure. The process was repeated 2 more times to dry
Boc-Leu-OH. THF (10 ml) was added and cooled to -20°C. BCF (287 pL, 2.2 mmol) and
NMM (263 , 2.4 mmol) were added. The reaction was kept at -20°C under N, for 15 min.
Then propargylamine (201 mg, 2.2 mmol) and 4-methylmorpholine (242 mg, 2.4 mmol) were
added in 2 min. The reaction was kept 3 h at RT. The solvent was evaporated. The residue
was dissolved in EtOAc and followed by washing with 1M KHSO, and saturated
NaHCOj;.The organic layer was dried by MgSO,. Evaporation of EtOAc resulted in target
compound 493 mg without further purification. ESI-MS: [M+H]" calculated for C,4H,4N,O5
269.1787, found 269.2015.

Alkyne-E64: Compound 15 (200 mg, 0.745 mmol) was added to 25% TFA/DCM for 1 h.
After evaporation of TFA/DCM, toluene was added and evaporated (2 x) to get rid of TFA.
The residue was dissolved in DMF (5 ml) and ethyl (2S, 3S)-epoxysuccinate (119.28 mg,
0.745 mmol), HBTU (310.79 mg, 0.82 mmol), DIEA (142.7 uL, 0.82 mmol) were added. The
reaction was kept overnight. The solvent was evaporated and EtOAc was added. The solution
was washed with 1M KHSO,, saturated NaHCO; and dried by MgSO,. The solvent was
removed under reduced pressure. Silica column chromatograph [40-60% EtOAc in PE]
afforded the title compound (76.4 mg, 33%). ESI-MS: [M+H]" calculated for C;sH,,N,Os
311.1529, found 311.1636.

5.2.11 Synthesis of biotin-diol-TMR-N3 17

The Fmoc of Rink resin (168 mg, 100 umol) was deprotected by 20% piperdine in DMF.
Fmoc-Lys(N;)-OH (59.1 mg, 150 umol), DIC (23.6 ul, 150 umol), HOBt hydrate (23 mg, 150

umol) were added to resin in DMF. The reaction was agitated overnight. N-terminal Fmoc
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group was deprotected and washed. Fmoc-Lys(Boc)-OH (140 mg, 300 umol), DIC (47 ul, 300
umol), HOBt hydrate (46 mg, 300 pmol) were added and the reaction was kept for 3 h. Methyl
2,3-O-isopropylidene-L-tartrate (61.2 mg, 300 umol), DIC (47 pl, 300 umol), HOBt hydrate
(46 mg, 300 pmol) were added and the reaction was kept overnight. The resin was washed
with DMF and incubated with 1,8-diamino-3,6-dioxaoctane (2 ml) overnight. The resin was
washed with DMF followed by adding biotin (73 mg, 300 pmol), DIC (47 ul, 300 pmol),
HOBt hydrate (46 mg, 300 umol) and the reaction was kept overnight. The resin-bound
intermediate was cleaved by incubation with a solution of TFA: TIS: H,O (90%: 2.5%: 7.5%)
for 3 hours. The peptide was precipitated in cold diethyl ether and purified by HPLC using a
linear gradient of 10-40% B yielding a white solid (18 mg, 23%). ESI-MS: [M+H]" calculated
for C3,Hs7N;1040S 788.4011, found 788.4051. The building block 22 (3 mg, 3.8 pmol) was
reacted overnight with 5(6)-carboxytetramethylrhodamine succinimidyl ester (2.5 mg, 4.7
umol) and DIEA (1.72 pl, 10 pmol) in DMSO (200 pl). The solution was purified by HPLC
using a linear gradient of 20-60% B to give a target compound (2 mg; yield: 44%). ESI-MS:
[M+H]" calculated for Cs;H,7N3014S 1200.5434, found 1200.5389.

5.2.12 Synthesis of biotin-diazo-TMR-N; 18

The Fmoc of Rink resin (336 mg, 200 umol) was deprotected by 20% piperdine in DMF.
Fmoc-Lys(N3)-OH (120 mg, 300 umol), DIC (94 pl, 600 umol), HOBt hydrate (92 mg, 600
pmol) were added to resin in DMF. The reaction was agitated overnight. N-terminal Fmoc
group was deprotected and washed. Fmoc-8-amino-3,6-dioxaoctanoic acid (154 mg, 400
pmol), DIEA (139 pl, 800 pmol) and HBTU (152 mg, 400 pmol) were added and the reaction
was kept overnight. The Fmoc was removed by treating the resin with 20% piperdine in DMF.
Fmoc-Lys(Boc)-OH (280 mg, 600 umol), DIC (94 ul, 600 pmol), HOBt hydrate (92 mg, 600
umol) were added and the reaction was kept for 3 h. The resin was washed followed by
deprotection. The diazobenzene cleavable building block 23 (150 mg, 296 umol), DIEA (139
ul, 800umol, HBTU (152 mg, 300 umol) were added and the reaction was kept overnight.
Fmoc of the building block was removed and the resin was washed followed by adding biotin
(146 mg, 600 umol), DIC (94 nl, 600 pmol), HOBt hydrate (92 mg, 600 umol) and the
reaction was kept overnight. The resin-bound building block was cleaved by incubation with a
solution of TFA: TIS: H,O (95%: 2.5%: 2.5%) for 2 hours. The peptide was precipitated in
cold diethyl ether and purified by HPLC using a linear gradient of 30-60% B yielding orange
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solid (10.5 mg, yield 5.6%). ESI-MS: [M+H]" calculated for C43HgN300S 938.4592, found
938.4686. The building block 24 (10 mg, 0.011 mmol) was reacted overnight in DMSO (200
pl) with 5(6)-carboxytetramethylrhodamine succinimidyl ester (4.68 mg, 0.009 mmol ) and
DIEA (7.6 pL, 0.044 mol). The solution was purified by HPLC using a linear gradient of 30-
60% B to give a red compound (10 mg; yield 83%). ESI-MS: [M+H] calculated for
CesHg3N15013S 1350.6015, found 1350.6037.

5.2.13 Synthesis of biotin-S-S-TMR-N; 19

The Fmoc of Rink resin (50.4 mg, 30 umol) was deprotected by 20% piperdine in DMF.
Fmoc-Lys(N;)-OH (17.7 mg, 45 umol), DIC (14 ul, 90 pmol), HOBt hydrate (13.8 mg, 90
pmol) were added to resin in DMF. The Fmoc was removed by treating the resin with 20%
piperdine in DMF. Fmoc-Lys(Boc)-OH (42 mg, 90 umol), DIC (14 pl, 90 pmol), HOBt hydrate
(13.8 mg, 90 pmol) were added and the reaction was kept for 3 h. N-terminal Fmoc group
was deprotected and washed. Fmoc-8-amino-3,6-dioxaoctanoic acid (17 mg, 44 pmol), DIEA
(15.7 pl, 90 pmol) and HBTU (17 mg, 45 pmol) were added and the reaction was kept
overnight. The Fmoc was removed by treating the resin with 20% piperdine in DMF and washed
with DMF. Sulfo-NHS-SS-Biotin 25 (27.27 mg, 45 umol) and DIEA (15.7 pul, 90 pmol) were
added and the mixture was shaken overnight. The compound was cleaved by incubation with a
solution of TFA: TIS: H,O (95%: 2.5%: 2.5%) for 2 hours and precipitated in cold diethyl
ether yielding a white solid (21 mg). The crude building block 26 (3.4 mg) was dissolved in
DMSO (200 pl). 5(6)-carboxytetramethylrhodamine succinimidyl ester (1.41 mg, 0.0027
mmol) and DIEA (5 pL, 0.029 mmol) were added and the reaction was shaken overnight. The
final product was purified by HPLC using a linear gradient of 30-60% B to give a red
compound (0.12 mg; yield 3.7%). ESI-MS: [M+2H/]/2 calculated for CssHgoN;30,S
623.7567, found 623.7559.

5.2.14 Synthesis of biotin-hydrazone-TMR-N; 20

The synthesis of 6-hydrazinonicotinic acid (27) was performed using a reported procedure
(123). 6-chloronicotinic acid (1.5 g) was added 10 ml of hydrazine hydrate (80% hydrazine in
water). The reaction was kept at 100 °C for 4h. The homogeneous reaction mixture was cooled
to room temperature and concentrated to give a white solid. The solid was dissolved in water

and acidified to pH 5.5 with HCI. The formed precipitate was isolated by filtration. The solid
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was washed with 95% ethanol and ether, and dried under vacuum resulting in 1.24 g of a light

yellow compound.

4-Formyl-benzoic acid NHS ester (28): 4-Formyl-benzoic acid (450 mg, 3 mmol) was
dissolved in a mixture of THF (15 ml) and DCM (20 ml). N-hydroxysuccinimide (345 mg, 3
mmol) and EDCI (1.14g, 6 mmol) were added. The reaction was maintained at room
temperature for 6 h. The solvent was evaporated and DCM (20 ml) was added. The excess
EDCI was removed by washing with IM KHSO, and the organic layer was washed with brine,
dried with MgSO, and concentrated in vacuo. The residue was directly used in the next step
without purification.

Compound 29: Boc-Lys-OH (246 mg, 1 mmol) was dissolved in 10 ml DMF and 5 ml water.
4-Formyl-benzoic acid NHS ester (271 mg, 1.1 mmol) and DIEA 345 pL (2 mmol) were
added. The reaction was maintained at room temperature for 5 h. The solvent was evaporated
and EtOAc (20 ml) was added. The organic layer was washed with a pH 2.5 citrate solution.
The organic layer was dried by MgSO, and the solvent was evaporated, resulting in 380 mg of
crude material. This compound was dissolved in THF (10 ml). N-hydroxysuccinimide (127 mg,
1.1 mmol) and EDCI (380 mg, 2 mmol) were added. The reaction stirred for 6 h at room
temperature. The solvent was evaporated and DCM was added. The organic layer was washed
with 1M KHSO, and dried by MgSO,. Evaporation of solvent resulted in 500 mg of crude
material, which was used in the next step without further purification. It was reacted for 3h
with DIEA (369 pL, 2.1 mmol) and 3-azido-propylamine (120 mg, 1.2 mmol) in DCM (20 ml).
The reaction mixture was washed with 1M KHSO,, saturated NaHCOs and brine. The organic
layer was dried on MgSO,; and concentrated under reduced pressure. Silica column
chromatograph (66-100% EtOAc in PE) afforded the title compound (301 mg, 65%) overall 4
steps. ESI-MS: [M+H]" calculated for C»,H3,N60Os 461.2434, found 461.2497.

Compound 30: compound 29 (138 mg, 300 umol) was dissolved in DMF (5 ml) and 6-
hydrazinonicotinic acid (46 mg, 300 umol) was added. The reaction was stirred overnight and
the solvent was evaporated. The residue was used in solid phase synthesis without purification.
ESI-MS: [M+H]" calculated for C,5H37NqO¢ 596.2867, found 596.2884.
Biotin-hydrazone-TMR-N; (20): The Fmoc of Rink resin (84 mg, 50 umol) was deprotected
by 20% piperdine in DMF. Fmoc-Lys(biotin)-OH (44 mg, 75 pmol), DIC (23.6 ul, 150 umol),
HOBt hydrate (23 mg, 150 pmol) were dissolved in 1.5 ml of NMP, added to the resin and the
reaction was agitated overnight. Fmoc group was deprotected and washed. Fmoc-8-amino-3,6-
dioxaoctanoic acid (58 mg, 150 pmol), DIC (23.6 pl, 150 pmol), HOBt (23 mg, 150 pmol)

were added and the reaction was kept overnight. The resin was treated with 20% piperdine in
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DMF and washed with DMF. Building block 30 (44.6 mg, 75 pmol), HBTU (28.4 mg, 75
umol) and DIEA (26 pl, 150 pmol) were added in DMF solution which was shaken overnight.
The compound was cleaved from the resin by incubation with a solution of TFA: TIS: H,O
(95%: 2.5%: 2.5%) for 2 hours, precipitated in cold diethyl ether and purified by HPLC using
a linear gradient of 10-70% B yielding a yellow solid (10 mg, yield 20%). ESI-MS: [M+H]"
calculated for C4sHg7N1509S 994.4967, found 994.4740. The building block 31 (5 mg, 0.005
mmol) was dissolved in DMSO (200 pl). 5(6)-carboxytetramethylrhodamine succinimidyl
ester (2.65 mg, 0.005 mmol) and DIEA (1.74 pL, 0.01 mmol) were added and the reaction
mixture was shaken overnight. The solution was purified by HPLC using a linear gradient of
10-70% B to give a red compound (6 mg; yield 85%). ESI-MS: [M+3H]"/3 calculated for
C7Hg7N17013S 469.5463, found 469.5505.

5.2.15 Synthesis of biotin-dde-TMR-N; 21

Synthesis of biotin-dde (32): Biotin-dde was made according to a literature procedure (124).
Dimedone (154 mg, 1.1 mmol) was dissolved in DMF (5 ml). Biotin (244 mg, 1.0 mmol), DIC
(156 pl, 1.0 mmol) and DMAP (122 mg, 1.0 mmol) were added. The solution was stirred for
48h. DMF was removed under reduced pressure and EtOAc was added. The organic layer was
washed with 1M KHSO, and extracted with saturated NaHCO; The solution was acidified
with HCI and extracted with DCM. The organic layer was dried by MgSO, and concentrated
under reduced pressure. The residue was recrystallized in MeOH/H,O (1:1) yielding 200 mg
of the target compound (55%). ESI-MS: [M+H]" calculated for C;sH,sN,0,4S 367.1613, found

367.1746.
Biotin-dde-TMR-Nj; (21): The Fmoc of Rink resin (42 mg, 25 umol) was deprotected by 20%

piperdine in DMF. Fmoc-Lys(N;)-OH (14.7 mg, 37.5 pmol), DIC (12 pl, 75 pmol), HOBt
hydrate (11.5 mg, 75 pmol) were dissolved in DMF, added to the resin and the reaction was
agitated overnight. Fmoc group was deprotected and washed with DMF. Fmoc-Lys(Mtt)-OH
(47 mg, 75 umol), DIC (12 ul, 75 pmol) and HOBt (11.5 mg, 75 umol) were added to the
resin and the reaction was kept overnight. Fmoc was removed and Fmoc-8-amino-3,6-
dioxaoctanoic acid (29 mg, 75 umol), DIC (23ul, 150 pmol), HOBt (23 mg, 150 umol) were
added and the reaction was kept overnight. The resin was treated with 20% piperdine in DMF
and washed with DMF. 5(6)-carboxytetramethylrhodamine succinimidyl ester (15.8 mg, 30
pmol) and DIEA (8.5 pl, 50 pmol) were added and the mixture was shaken overnight. The
resin was washed with DMF and the Mtt was removed by 1% TFA in DCM for 10 min. The
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process was repeated 7 more times followed by washing with DMF and addition of bioin-dde
(27 mg, 75 pmol) and DIEA (25.5 pl, 150 umol). The reaction was agitated overnight. The
compound was cleaved from the resin by incubation with a solution of TFA: TIS: H,O (95%:
2.5%: 2.5%) for 2 hours. The solvent was evaporated under reduced pressure and the residue
was purified by HPLC using a linear gradient of 20-60% B to give a red compound (15.28 mg;
yield 51%). ESI-MS: [M+2H]*" calculated for C¢;HgoN1,01,S 603.2870, found 603.3004.
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5.3 Buffers and solutions

TLC solutions:
Basic KMnO4
KMnOy, (1.5 g)
K,COs; (10 g)
NaOH (0.125 g)
ddH,O0 (200 ml)
Cerium-ammonium-molybdate (CAM)
Cerium-ammonium-molybdate (NH4)sMo,0,4.4H,0 (25 g)
Cerium(IV)sulfate Ce(SOy), (5 g)
Conc H,SO, (50 ml)
ddH,0 (450 ml)
Ninhydrin
Ninhydrin (0.3 g)
Glacial acetic acid (3 ml)
n-butanol (100 ml)
Dinitrophenylhydrazine (particularly good for aldehydes and ketones)
2,2- Dinitrophenylhydrazine (12 g)
Conc H,SO, (60 ml)
ddH,O (80 ml)
EtOH (200 ml)

Silver staining solutions:

Fix solution: 50% MeOH, 12% AcOH
500 mL MeOH

120 mL AcOH

500 pL 37% formaldehyde

Bring to 1000 mL with ddH,O
Pretreat solution: 0.02% Na,S,05.5 H,O

80 mg Na,S,0;.5 H,O

400 mL water
Impregnation: 0.2% AgNO;
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4 mL 20% silvernitrate stock
400 mL water
300 uL 37% formaldehyde

Develop: 6% Na,CO,
18 g N32C03

300 mL water
150 uL 37% formaldehyde
6 mL of Fix-solution

4 mL of Pretreat-solution

4X sample buffer:

10 X PBS:

Phosphate buffer:

5 X Gel running buffer:

Glycerol (20 ml)

IM Tris pH6.8 (10 ml)
beta-mercaptoethanol (10 ml)
SDS (6 g)

bromophenol blue (20 mg)

Add dd H,O up to 50ml volume
Aliquot and stored -20°C

NaCl (80 g)
KCl (2 g)
Na,HPOy, (14,4g)
KHPO, (2.4 g)
ddH,0 800 ml
adjust to pH 7.4

adjust volume to 1L.

NaH,PO, (100 mM), pH 7.4

75 g Tris base
360 g Glycine
25 g SDS
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Bring to 5 L with ddH,0O

Acetate buffer
NaOAc (50 mM)
MgCl, (5 mM)
DTT (2 mM)
pH 5.5
Rat liver lysate buffer
NaOAc (50 mM)
MgCl, (5 mM)
Sucrose (250 mM)
DTT (2 mM)
pHS5.5
PBST
0.1% Tween in 1XPBS buffer
Kaiser test solutions
Solution A: 2% KCN/H,O (16.5 mg KCN in 25 ml H,O) 98%
Pyridine (v/v)
Solution B: 5% Ninhydrin (w/v) in ethanol
Solution C: 4:1 Phenol (w/v) in Ethanol

Buffers for preparation of SDS-PAGE gels:

Tris buffer for Stacking gels: 0.5M Tris pH 6.76 (2% bromophenol blue sodium salt 600 ul for
500 ml).

2% bromophenol blue sodium salt : 20 mg of bromophenol blue sodium salt was added to 1ml
of ddH,O.

Tris buffer for separating gels: 1.5M Tris pH 8.8

30% acrylamide (37.5:1 acryl:bisacryl)

10% APS (5 g of APS was added to 50 ml of dd H,O, and store in -20°C)
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Abbreviations

A alanine or adenine

ABP activity based probe

ABPP activity-based protein profiling

AOMK acyloxymethyl ketone

APS Ammonium persulfate

BCN bicyclononyne

BME 2-mercaptoethanol

BSA bovine serum albumin

BTTAA 2-[4-{(bis[(1-tert-butyl-1H-1,2,3-triazol-4-yl)methylJamino)methyl } -1 H-
1,2,3-triazol-1-yl]acetic acid

C cytosine

Cat cathepsin

CuAAC Copper-catalyzed azide-alkyne cycloaddition

DCM dichloromethane

DDE 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl

DIBO 4-Dibenzocyclooctyol

DIC diisopropylcarbodiimide

DIEA N,N-Diisopropylethylamine

DMAP 4-Dimethylaminopyridine

DMF dimethylformamide

DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DTT dithiothreitol

E glutamic acid

ESI electrospray ionization

EtOAc ethyl acetate

F phenylalanine

FA formic acids
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FBS

Fmoc

HBTU
HOBt
HPLC
ICAT

LC
MFCO
MS

N
NMM
NMP
NMR
NTA
PAGE
PET
PyBOP
Q
RAW cell
SB

SDS
SPAAC
SPPS
SU

T
TBTA
TCEP
TEMED
TEV
TFA

fetal bovine serum
9-fluorenylmethoxycarbonyl
glycine or guanine
O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate
hydroxybenzotriazole
high performance liquid chromatography
isotope-coded affinity tag
leucine
liquid chromatography
1-fluorocyclooct-2-ynecarboxylic acid
mass spectrometry
asparagine
N-Methylmorpholine
N-Methyl-2-pyrrolidone
nuclear magnetic resonance spectroscopy
nitroloacetic acid
polyacrylamide gel electrophoresis
positron emission tomography
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
glutamine
mouse leukaemic monocyte macrophage cell line
sample buffer
sodium dodecyl sulfate
strain-promoted alkyne-azide cycloadditions
Solid phase peptide synthesis
supernatant
thymine
tris-(Benzyltriazolylmethyl)amine
tris-(2-Carboxyethyl)phosphine
tetramethylethylenediamine
nuclear inclusion protease

trifluoroacetic acid
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THPTA
TIS
TMR
TLC

Tris

tris(3-hydroxypropyltriazolylmethyl)amine
triisopropylsilane

tetramethylrhodamine

thin layer chromatography
tris(hydroxymethyl)aminomethane
Ultraviolet

tyrosine
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