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Abstract

Proteins are the chemical and biological foundation of life. The longstanding goals of
chemical biology are to understand the structure and function of proteins and to use these
biomolecules for applications in chemistry, biology, medicine, and material science. To achieve
such goals, highly efficient, selective, and robust chemical reactions are desired to modify proteins.
For decades, cysteine-based reactions with maleimides and alkyl halides are the primary methods
for selectively tagging proteins with fluorescent dyes, affinity and radio labels, drug molecules,
and polymers and nanocomposites. These traditional reactions generate sulfur-sp® carbon bonds
between the cysteine thiol and the labeling reagents. The goal of this thesis is to develop new
cysteine arylation reactions to generate sulfur—sp? carbon bonds on proteins. These reactions are
used to make novel peptide and protein therapeutics.

Two mechanistically complementary approaches are developed to arylate cysteine thiol.
First, through a nucleophilic aromatic substitution (SNAr) mechanism, fluorinated aromatic
reagents are used for the regioselective arylation of a single cysteine in the presence of many. An
enzyme-tag pair (glutathione S-transferase (GST) and glutathione (GSH)) and a self-labeling short
peptide (Phe-Cys-Pro-Phe, the n-clamp) are respectively developed to recognize the fluorinated
aromatic reagents and to promote the arylation reaction in aqueous solution. The second approach
utilizes organometallic palladium reagents to chemoselectively install electron-neutral and
electron-rich aryls on cysteine thiols.

These cysteine arylation reactions are applied to the synthesis of macrocyclic peptides and
antibody-drug conjugates (ADCs). Long unprotected macrocyclic peptides up to forty residues are
efficiently synthesized using the GST enzyme. Using bispalladium reagents, macrocyclic peptides
bearing aryl linkers are synthesized via crosslinking of two cysteine thiols. n-Clamp antibodies
enable a one-step synthesis of site-specific antibody-drug conjugates to selectively kill cancer cells.
Organometallic palladium reagents are used to synthesize linker-free ADCs where the drug
molecules are directly linked to cysteine thiols in antibodies.

Thesis Supervisor: Bradley L. Pentelute
Pfizer-Laubach Career Development Professor of Chemistry
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Scope of Thesis

This thesis aims to: (1) develop cysteine arylation reactions for the site-selective, efficient,
and robust modification of proteins with diverse synthetic molecules; and, (2) apply the developed

reactions to the synthesis of peptide and protein therapeutics.

Chapter 1 is a review of arylation chemistry for bioconjugation. We outline and provide
perspectives on sulfur, nitrogen, selenium, oxygen, and carbon arylative bioconjugation strategies

and their applications to modify peptides, proteins, sugars, and nucleic acids.

Chapter 2 describes enzyme-catalyzed cysteine arylation. Glutathione S-tranferases
catalyze the arylation of glutathione in aqueous buffer using [;erﬂuoroaromatic reagents. The
glutathione tag placed at the N-terminus of the target peptide or protein can be selectively aliylated
under GST-catalysis without affecting other thiol species on the same molecule of interest. This
glutathione S-transferase catalyzed arylation reaction is applied to the macrocyclization of long

unprotected peptides.

Chapter 3 presents the n-clamp, a four-residue peptide sequence (Phe-Cys-Pro-Phe), that
promotes a self-arylating reaction at its own cysteine residue with perfluoroaromatic reagents. The
n-clamp is small and fully genetically encodable, enabling the synthesis of site-specific n-clamp

antibody-drug conjugates that selectively kill breast cancer cells.

Chapter 4 documents a palladium-mediated approach to cysteine bioconjugation.
Palladium(II) oxidative addition complexes are developed to arylate cysteine residues in peptides
and proteins in aqueous solution. This approach allows the synthesis of aryl-linked macrocyclic

peptides and the direct attachment of drug molecules to antibodies without using linkers.
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Chapter 1. Arylation Chemistry for Bioconjugation

The work presented in this chapter is a part of the following manuscript and is reproduced here

with permission from the authors.

Zhang, C.; Vinogradova, E. V.; Buchwald, S. L.; Spokoyny, A. M.; Pentelute, B. L.
Arylation Chemistry for Bioconjugation

7o be submitted.
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1.1. Introduction

Bioconjugation processes involve chemical reactions to form either covalent or well-
defined non-covalent attachments between two molecular entities, at least one of which is a
biomolecule.!? Specifically, the biomolecule involved in a bioconjugation process is usually
obtained from natural sources or via genetic means. Development of novel bioconjugation
approaches provides new opportunities for modulation of biomolecule structure and function
through the use of synthetic chemistry both in vitro and in living systems. The marriage of
biomolecules with synthetic modalities makes possible the discovery of new medicines,>” the
exploration of complex biological processes,® the generation of new biomaterials,”® and the

invention of novel diagnostic and medical tools.’

Bioconjugation reactions that form covalent bonds normally require conditions that are
more stringent and milder compared to those used in small molecule synthesis. The use of low
temperatures (< 37 °C), close to neutral pH, and aqueous buffer preserves the structure and
function of biomolecules. In addition, bioconjugation reactions need to be fast, and reach full
conversion in hours with micromolar concentrations of substrates. Reaction rates of most
bioconjugation reactions are in the range of 1-1000 M's!, with a few fast reactions having rates
of more than 1000 M's™1.1%!! [n some instances less stringent conditions (i.e., the use of organic
solvents, prolonged reaction time, and heating) can be used for structurally simple and robust

biomolecules such as peptides, oligosaccharides, and oligonucleotides.

Besides the restrictions on reaction conditions, another major challenge of developing
efficient bioconjugation processes comes from the intrinsic complexity of biomolecules containing
multiple reactive functional groups. Indeed, many bioconjugation reactions utilize nucleophiles in
biomolecules (e.g., amines, hydroxyl groups, carboxylates, and thiols). Yet, there are often tens or
hundreds of nucleophilic sites in a single biomolecule, making the control of chemoselectivity and
regioselectivity difficult. As a result, many traditional bioconjugation reactions are nonselective,
and form heterogeneous products. This, clearly, leads to further challenges for the characterization

and purification of products.

The development of bioconjugation protocols has been largely inspired by early work in
protein chemistry.!2!* Procedures to chemically modify proteins were used for practical purposes

prior to the scientific conception of bioconjugation and the understanding of the underlying
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chemical transformations. For example, formaldehyde was used for tanning in the leather industry
long before knowing its ability to crosslink proteins.'® Pioneering protein chemists developed
reagents to modify amino acids to determine the compositions of proteins.'®! These reagents were
used to covalently bind to the active sites of proteins?® and to develop protein sequencing
techniques such as Edman degradation.?! Early work in the area of protein crystallography also
relied heavily on the use of various heavy-atom-containing reagents (e.g., U, Pb, Hg, Au, Ag, and

I) that bind amino acid residues thereby aiding the structure refinement process.?

Selectivity is currently recognized as the most important and challenging requirement in
devising new bioconjugation processes. The ability to perform bioconjugation in a predictable
manner significantly simplifies the purification and characterization of the resulting products. For
many bioconjugation reactions, chemoselectivity stems from the differences in the intrinsic
reactivity of different functional groups in biomolecules.”*** Regioselective modification of a
single site (e.g., a particular cysteine thiol among many) is challenging and often achieved through
enzyme-mediated reactions.?>* More recently, The genetic encoding of unnatural handles makes
possible to judiciously choose two completely abiotic coupling partners for bioconjugation.*'?
For example, following the landmark introduction of the term “click chemistry” by Sharpless™ in
2001 to describe reactions that are high yielding, easy to perform, wide in substrate scope, and
with easy-to-remove byproducts, synthetic chemists quickly started to develop highly efficient and
selective reactions for the modification of biomolecules using this strategy. An even higher
selectivity bar was set for bioconjugation reactions used to study biomolecules in a complex
biological milieu. Introduced by Bertozzi in 2003, bio-orthogonal chemistry provides highly

selective bioconjugation reactions that can be applied in living cells and animals.’”

X=8§,NH, O, Se,orC

XH X
R p— +OHY
unprotected arylation arylated leaving
peptide/protein/nucleic acid reagents product group

Figure 1.1. The generic arylation process for bioconjugation.
Among the existing strategies, chemistry used for the arylation of nucleophiles in

biomolecues (Figure 1.1) has been relatively less developed for bioconjugation until recently. This
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is somewhat surprising, given how routinely the formation of nucleophile—sp? carbon bonds has
been used in small molecule chemistry over the past few decades.’®37 Arylation reactions generate
an X—C(sp?) bond (X is a carbon or a heteroatom) which has significantly different chemical
properties compared to other X—C(sp?, sp’, or sp) bonds produced with traditional bioconjugation
reactions.?? Recent work has shown that diverse arylation reactions developed for small molecule
chemistry can be utilized in bioconjugation processes (Figure 1.2). For example, electron-deficient
aryl halides react with some nucleophilic groups (e.g., thiols, hydroxyl groups, amines, and
selenols) in biomolecules through nucleophilic aromatic substitution (SnAr) reactions (Figure
1.2A).%8 In addition, nucleophiles in biomolecules react with transition metal-based arylation
reagents (Figure 1.2B).3>* Nucleophilic selenols are oxidized and turned into electrophiles, and
the resulting dichalogenides are arylated through umpolung approaches using aryl boronic acid-
derived nucleophiles. Finally, widely used palladium-catalyzed cross-coupling reactions®”*° and

C-H activation strategies*! are used to forge carbon-carbon bonds onto biomolecules (Figure 1.2D).

Here we provide an account of processes that result in the formation of X—C(sp?) bond (X
is a carbon or a heteroatom) which we termed arylative bioconjugation reactions. Because of the
application-oriented nature of bioconjugation, we categorize these reactions according to their
target biomolecules in following sections. Note that the arylation of small biomolecules including
amino acids, monosaccharides, natural products, and nucleotides is not covered in this review. The
nucleophilic aromatic substitution (SnAr) and metal-mediated arylation of cysteine thiol in
peptides and proteins are first discussed. We then describe the N-arylation of lysine €-amine.
Arylation of other natural and unnatural amino acid side chains is also discussed with a focus on
the umpolung arylation of selenocysteine and the palladium-catalyzed cross-coupling reactions for
protein modification. Finally, we discuss metal-mediated arylation chemistry for the post-synthetic
modification of nucleic acids. We conclude with a discussion on limitations of current methods

and future avenues to broaden the scope and application of arylative bioconjugation.

Throughout this review, we try to emphasize the fundamental chemistry features of
arylative bioconjugation reactions. The complex nature of bioconjugates requires well-designed
reagents and conditions as well as the accurate product characterization prior to translation of the
resulting conjugates for biological applications. We believe that there is no perfect bioconjugation

reaction that fulfills all application needs. We hope that this review will serve to complement other
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recent reviews on bioconjugation*?~3? and to provide the reader with an expanded understanding

of bioconjugation techniques available today.
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Figure 1.2. Mechanistically distinct routes for arylation of biomolecules.
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1.2. Cysteine arylation

As the only thiol-containing canonical amino acid, cysteine is often used for chemical
protein modification.’>* In aqueous buffer, cysteine’s thiol group (pKa = 8) is more acidic than
other common protein nucleophiles such as serine’s hydroxyl group (pKa = 13), tyrosine’s phenol
group (pKa = 10), or lysine’s e-amine (pKa = 10 for RNH3*, pKa = 36 for RNH2). Moreover, the
sulfur is more polarizable (soft) than oxygen or nitrogen. Together, these chemical features make
the cysteine thiol/thiolate more reactive than other protein nucleophiles towards electrophiles such
as maleimides and alkyl halides, enabling the chemoselective modification of cysteine thiol in the
presence of other amino acid side chains. Cysteine is also a relatively rare amino acid within the
human proteome, making it possible to generate homogeneous conjugates from a protein that
contain only one chemically accessible cysteine thiol. Commercially available maleimide and
alkyl halide reagents are routinely used to conjugate fluorescent dyes, affinity labels, and drugs to
peptides and proteins. Classic and some more modern methods for bioconjugation via cysteine

have been summarized in several recent review articles.’?>

A key feature of cysteine arylation is that it generates a S—C(sp?) bond that is different from
the S—C(sp®) bonds produced using maleimides or alkyl halides. Electron-deficient aryl halides
such as chloronitrobenzenes and perfluoroarenes react with cysteine via a nucleophilic aromatic
substitution (SNAr) mechanism. Alternatively, palladium-mediated S-arylation approaches are
developed to introduce electron-neutral and electron-rich aryls. Compared to SnAr processes,
palladium-mediated reactions have a broader substrate scope because they are relatively indifferent
to the electronic nature of the afyl group. Through these two complementary approaches, a wide
range of aryl groups can be conjugated to cysteine thiols in peptides and proteins, enabling the
development of covalent protein modulators, macrocyclic peptides, antibody-drug conjugates, and

other hybrid protein-based constructs.
1.2.1. Cysteine arylation via nucleophilic aromatic substitution (SxAr)

Nucleophilic aromatic substitution (SnAr) reactions generally require strong electron-
withdrawing groups on the aryl ring to stabilize the negatively-charged c-complex (Figure 1.2A).
As aresult, aryl and heteroaryl electrophiles with strong electron-withdrawing groups such as nitro,

fluoro, and sulfonyl are used to arylate cysteine thiols in peptides and proteins. The arrangement
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of these electron-withdrawing substitutions on the aryl ring greatly affect the SNnAr reactivity of
the aryl electrophiles. For example, o- and p-nitroaryl halides are more reactive than m-nitro
variants because of the strong resonance effect of 0- and p-nitro substitutions that are lacking in

the m-nitro substituted compounds.
(a) Chemoselective cysteine SNAr arylation

The chemoselectivity of the SnAr arylation of cysteine is usually high because of the higher
nucleophilicity of thiol/thiolate compared to other protein nucleophiles. However, the selectivity
varies with reaction conditions because arylation reaction with amines and hydroxyls can occur
competitively in the presence of strong bases. The selectivity of this reaction can also be altered
as a function of solvent polarity. In addition, the microenvironment around an amino acid side
chain in a protein effects its nucleophilicity, resulting in different reactivity profiles for the same

amino acid side chains at different protein sites.
Aryl chlorides as cysteine-selective covalent protein modulators

The thiol group of cysteine is utilized by nature to perform a wide range of biochemical
functions.>>>7 Many proteins have essential cysteine residues that are either directly involved in
catalysis or critical for maintaining the protein structure. This provides the possibility for designing
and discovering aryl halides as cysteine-selective reagents to covalently modulate the structure and

function of these proteins.

Thiol-selective aryl halides were initially developed to identify cysteines in the active sites
of enzymes. Price and Cohn used 4-chloro-7-nitrobenzofurazan (NBD-chloride) to investigate the
different environments of two cysteines (Cys-25 and Cys-187) in porcine muscle adenylate kinase
(Figure 1.3).%8 Both cysteine residues were arylated with excess NBD-chloride (Figure 1.3, top).
Surprisingly, the more solvent-exposed Cys-187 reacted with NBD-chloride (k=205 M!s!) about
40-fold more slowly than the buried Cys-25 (k= 8580 M's™!). Regioselective arylation of Cys-25
was achieved using a stoichiometric amount of NBD-chloride. In contrast, both cysteine thiols
were labeled with similar reaction rates with other thiol-reactive reagents such as Ellman’s reagent
(5,5’-dithiolbis-(2-nitrobenzoic acid)). The Cys-25-labeled enzyme was completely inactive,
indicating that the Cys-25 was in close proximity to the active site of the enzyme. Together, these

results highlight the utility of arylation reagents for studies of protein structure-function.
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Importantly, this example also illustrates how the local environment of an amino acid side chain

strongly affects its reactivity.
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Figure 1.3. Chemo- and regio-selective arylation of cysteine thiols in porcine muscle
adenylate kinase using NBD-chloride.

Blanchard®® and Li® independently reported two structurally similar covalent antagonists
for the nuclear hormone receptor peroxisome proliferator activated receptor gamma (PPARY)
(Figure 1.4, entries 1 and 2). PPARy regulates several genes involved in adipogenesis and is the
molecular target of the thiazolidinedione family of antidiabetic drugs.®"** Both antagonists
(GW9662 and T0070907) block ligand binding to PPARy through the selective arylation of Cys-
285 that is located in the orthosteric ligand binding pocket of PPARy. These two compounds
showed antagonist activity both in vitro and in cell culture. However, these two antagonists were
ineffective for inhibiting the binding of PPARy ligands to an allosteric site other than the
orthosteric pocket on the ligand binding domain.®® Through expansion of the size of the 2-chloro-
5-nitrobenzamidyl scaffold, Kojetin developed a dual-site PPARy antagonist (Figure 1.4, entry 3)
that simultaneously blocked the ligand binding to both the orthosteric pocket and the allosteric
site.®* Together, this family of 2-chloro-5-nitrobenzamidyl-based compounds are useful chemical

tools to modulate PPARYy function in biological processes.
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Figure 1.4. Representative aryl and heteroaryl halides as cysteine-selective covalent protein
modulators.

Besides chloronitrobenzenes, 4-halopyridines have also been explored as cysteine-
selective covalent protein inhibitors. Through screening a library of 4000 compounds, Fast found
a class of 4-halopyridines that could serve as covalent inhibitors for dimethylarginine
dimethylaminohydrolase (DDAH) through the arylation of its active site Cys-249.% Inhibition
assays and mutation studies indicated that Asp-66 of DDAH was required for the inactivation of
the protein by 4-chloro-2-hydroxylmethylpyridine (Figure 1.4, entry 4). The carboxylate residue
of Asp-66 was proposed to stabilize the pyridinium form (computationally predicted pKa = 3.6) of
the inhibitor thus promoting the arylation reaction at pH 7.5. This ensures the high selectivity of
the compound for DDAH, because the free compound in solution mainly resides in its pyridine
form and is thus unreactive for other thiol species. Although computer modeling supported this

proposed mechanism of inactivation, an X-ray structure of inactivated DDAH showed no close
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contact between the carboxylate of Asp-66 and the pyridine ring of the inhibitor, suggesting

possible conformational changes of DDAH after the covalent inhibition.%
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Figure 1.5. Triazine-derived electrophilic probes for reactions with the proteome.
Weerapana investigated the reactions of p-chloronitrobenzene-based probes with the
proteome through quantitative activity-based protein profiling.®’-® Using triazine as the scaffold,
different electrophilic probes were prepared to target subsets of the proteome (Figure 1.5).°” The
reactions between the probes and the proteome were qualitatively assessed using in-gel
fluorescence and quantitatively measured through enrichment and mass spectrometry. Initial
studies with these probes resulted in the discovery of RB-2-cb that covalently arylated Cys-239 of

B-tublin and inhibited tublin polymerization (Figure 1.4, entry 5).%7
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Figure 1.6. Reactivity and selectivity of aryl halides towards the proteome.

Using a similar activity-based protein profiling approach, Weerapana and co-workers
expanded their studies to other aryl halides (Figure 1.6).°® Because of the previously mentioned
resonance effects, the p-nitro- and o-nitro-chlorobenzene electrophiles (1, 2, and 3) are more

reactive towards the proteome than the m-nitro variant (4). This result corroborated the dominant
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role of p-nitrochlorobenzene in previously reported cysteine-selective covalent protein inhibitors
(Figure 1.4). Additionally, p-nitrofluorobenzene (5), chloropyridine (6 and 7), chloropyrimidines
(8 and 9), and chlorotriazine (10) were investigated for their reactions with the proteome. In-gel
fluorescence assay showed that electrophiles 1, 5, and 10 reacted with the proteome at micromolar
concentrations, indicating that they might be used for developing more complex covalent protein
modifiers. Of importance, mass spectrometry analysis of the labeled proteomes showed that p-
nitrochlorobenzene (1) was cysteine-selective while dichlorotriazine (10) favored arylation on
lysines. However, electrophile 10 reacted with N- and C-terminal protected cysteine much faster
than electrophile 1. This disparity between reactions with the proteome and with simple amino
acids indicates that a subset of the proteome might possess lysine residues that are highly reactive
towards probe 10. Further structural and mechanistic characterization of the labeled proteins
identified from mass spectrometry will likely provide more understanding of the reactivity and

selectivity of these aryl electrophiles toward the proteome.
Dichlorotetrazine for SnAr stapling and photo-triggered unstapling of peptides and proteins

Hochstrasser and Smith identified 1,4-S,S-tetrazine (i.c., a tetrazine with sulfur substituents
at the 1 and 4 positions) as a fast photochemical triggerfor the generation of thiocyanate, enabling
the study of dynamics of peptide and protein folding.”®”! This S,S-tetrazine unit was incorporated
into peptides through either on-resin or in-solution SnAr reactions of 1,4-dichlorotetrazine with

cysteine thiols.”>”?

Based on these early studies, Smith and co-workers recently reported a method for the rapid
stapling and photo-triggered unstapling of peptides and proteins.”* They used 1,4-dichlorotetrazine
to chemoselectively crosslink two cysteine thiols in an unprotected peptide (P1), generating the
S,S-tetrazine-stapled peptide macrocycles within one minute (Figure 1.7A). The resulting stapled
peptide (P2) was unstapled under UV irradiation. The cyano groups were removed from the
peptide bisthiocyanate (P3) through reactions with free cysteine to restore the starting unprotected
peptide. Of note is that the S,S-tetrazine also served as a bioconjugation handle for the inverse
electron demand Diels-Alder reaction (Figure 1.7B). Although dichlorotetrazine chemoselectively
reacts with the thiols of cysteines in the presence of other nucleophilic groups contained in the side

chains of amino acid, it is not compatible with the disulfide reducing reagent fris(2-carboxyethyl)
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phosphine (TCEP). Therefore, purification of the reduced dithiol species is required prior to the

stapling reaction.

R mm—— T
unprotected peptide P1 50 mM NaH,PO,

N=N
A SH  HS c—, ACl N=N
o] N-N s »-S
H,N peptide dichlorotetrazine N-N 0
NH peptide
P2 NH;

CHCl3, 1 min

H,N

2)\ INI INI N UV-A lamps

N”F Y cysteine l L M2 |MeOH, 24 hrs
HooC o

HoN peptide
NH,

............................................. . T —
B

1. Immoblized TCEP N=N
s »-S
N-N

S—3 50 mM acetate
@ - o |
HaN c00%, ™o HN(fhioredoxin )-coc”
N-N

50 mM acetate
DMSO, 1 min
Os_0O 50 mM Tris
150 mM NaCl | H H
N S-NH pH 7.8
-N,
S S, -

Figure 1.7. Peptide and protein stapling with dichlorotetrazine.

(A) Unprotected peptides with two cysteines were stapled via SNAr reaction with dichlorotetrazine.
The resulting tetrazine staple could be removed under photo-triggered conditions. (B) Thioredoxin
was first stapled with dichlorotetrazine; the resulting dithiol-tetrazine motif was further utilized as
a bioconjugation handle for Diels-Alder reaction with a cyclooctyne. *Note that a mixture of

diastereomers was formed through cycloaddition from either face of the tetrazine ring.
Heteroaryl methylsulfones for cysteine arylation

Heteroaromatic methylsulfones were developed to generate heteroaryl-thiol linkages in
proteins. Xian first reported the use of methylsulfonyl benzothiazole (MSBT) as a thiol-selective
reagent for blocking of cysteines in proteins (Figure 1.8A).”> MSBT showed more product
formation when reacted with N- and C-terminal protected cysteine when compared to other
substituted benzothiazoles including those with halides and diazo groups at the C-2 position.
Because halides and diazo group are better leaving groups than sulfonyl group in SNAr reactions,’

it is possible that these more reactive electrophiles are hydrolyzed in aqueous solution before react
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with the cysteine derivative. MSBT showed excellent chemoselectivity for reaction with the
cysteine thiol; no reaction was observed for other protein nucleophiles including those in the side
chains of Ser, Tyr, Trp, Met, His, and Lys. The reaction rate depended on the pH of the solution,
consistent with the idea that the thiolate might be more reactive with MSBT than thiol. The labeling
reaction was protein-compatible, as demonstrated by blocking the essential thiol of glyceraldehyde

3-phosphate dehydrogenase (GAPDH) under mild conditions.

Inspired by the high chemoselectivity and mild conditions manifested by reactions of
MSBT, Barbas developed a series of heteroaryl methylsulfone reagents and investigated their

).7" These heteroaryl methylsulfonyl

reactions with cysteine residues in proteins (Figure 1.8B
reagents reacted with proteins in a thiol-specific manner, enabling site-selective conjugation of
fluorescent dyes and polyethylene glycols (PEGs) to cysteine thiols in proteins. The labeling
reaction rates were comparable to cysteine-maleimide conjugation. Importantly, these heteroaryl-
cysteine conjugates are chemically stable toward acids, bases, and external thiols, resulting in

exceptionally more stable conjugates compared to the corresponding maleimide adducts.
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Figure 1.8. Heteroaryl methylsulfonyl reagents for protein cysteine arylation.
(A) Methylsulfonyl benzothiazole (MSBT) as a protein thiol blocking reagent. (B) Stable protein

bioconjugates generated from thiol modification with heteroaryl methylsulfonyl reagents.

The high speed, selectivity, and stability of these heteroaryl methylsulfone-cysteine
reactions enabled their wide application in bioconjugation reactions. Using the most reactive

phenyloxadiazole sulfone linker, Barbas prepared site-specific antibody conjugates with improved
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stability in human plasma compared to the corresponding maleimide conjugates.’® Mindt prepared
F-containing phenyloxadiazole sulfone reagents and showed their rapid conjugation to targeting
peptides and proteins for positron emission tomography (PET).” Alternatively, '*F-labeled
integrin binding peptides (RGD peptides) were synthesized by combining the phenyloxadiazole
sulfone-cysteine reaction with a fluorinase-catalyzed transhalogenation process.®® The high thiol-
specificity of these sulfone reagents was further highlighted in selective modifications of complex

molecules such as polyacrylamide hydrogels®! and protein enzymes®.

Methylsulfonyl-based arylation reagents were also developed for thiol conjugation in
living cells. Fang reported 4-methylsulfonyl-N-n-1,8-naphthalimide (MSBN) as a highly
fluorogenic reagent for the specific detection and labeling of thiol species and proteins (Figure
1.9A).% More than 100-fold increase in fluorescence was observed upon reacting MSBN with
thiols, enabling imaging of thiol species and detection of reversible protein thiol modification in

living cells.

Fersht screened a fragment library of 2-sulfonylpyrimidines and identified a compound
named PK11000 as a cysteine-selective arylation reagent for the oncogenic target p53 (Figure
1.9B).%* PK11000 covalently conjugated to Cys-182 and Cys-277 on p53 as shown by mass
spectrometry analysis of the labeling reactions of p53 and its cysteine-to-serine mutants. The
labeled p53 showed increased stability and retained DNA binding in vitro, which potentially
explained the high potency of PK11000 against p53-deactivated or p53-mutated cancer cells.
Interestingly, PK11000 was also found to exert its anti-tumor function through p53-independent
pathways such as increasing the level of reactive oxygen species (ROS) or inducing the unfolded

protein response (UPR) in the endoplasmic reticulum (ER).
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Figure 1.9. Arylation of thiols in living cells using aryl and heteroaryl methylsulfonyl

reagents.

38



Perfluoroarenes for cysteine arylation

In the 1960s, several research groups whose primary focus was synthetic fluorine chemistry
carried out fundamental studies that provided the ground rules for the selectivity, reactivity, and
substitution patterns of nucleophilic aromatic substitution (SnAr) reactions between
perfluoroarenes and thiolates.?>8 Tatlow found that the 1,4-disubstituted product predominantly
formed when reacting an excess amount of potassium phenylsulfide with hexafluorobenzene in
refluxing pyridine (Figure 1.10A).% Later, systematic and mechanistic studies by Pitts established
the activating effect of p-substitutions on the perfluorobenzene ring.*® The rate of SNAr reaction
with potassium phenylsulfide was more than three orders of magnitude higher for
phenylthiopentafluorobenzene compared to that with pentafluorobenzene (Figure '1.10B). The
thioether substituent was activated toward attack at the o- and p- positions due to the resonance
stabilization of the negative charge in the c-complex intermediate (Figure 1.2A). Regioselective

p-substitution was favored because the o-positions were hindered by the relatively large thiophenyl
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Figure 1.10. Nucleophilic aromatic substitution reactions between thiol species and
hexafluorobenzene.

In the following decades, applications of the perfluoroaryl-thiol reaction mainly focused
on synthetic molecules, especially modifications of porphyrinoids®’ and synthetic polymers®8-%
(Figure 1.11). In 1991, Mansuy reported SNAr reactions of tetra-(pentafluorophenyl)porphyrin
with various nucleophiles.®’ Using triethylamine as the base, in refluxing DMF, p-fluorines on the

tetra-(pentafluorophenyl)porphyrin were selectively replaced with thiol nucleophiles (Figure
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1.11A). This efficient reaction provided a facile and divergent way to modify the peripheries of

different porphyrinoid cores, enabling the synthesis of various modified porphyrinoids for

94-96

applications in catalysis’?, materials science®®, and as drug carriers

Figure 1.11. Perfluoroaryl-thiol SxAr reaction for modification of porphyrins (A) and
polymers (B).

In a series of manuscripts, Wooley was first to demonstrate how polymers containing
pentafluoroaryl groups can be functionalized and cross-linked via SNAr modification chemistry.””
%  Following these seminal contributions, Schubert developed methods to modify
perfluoroaromatic polymers with thiol-containing sugars and suggested that the perfluoroaryl-thiol
reaction can be classified as a click process due to its high efficiency and functional group tolerance

(Figure 1.11B).8-100

More recently, this perfluoroaryl-thiol click reaction was used by Spokoyny to generate
precisely modified boron clusters.'’! Through peralkylation of the boron cluster, they were able to
make rigid and three-dimensionally defined nanomolecules featuring pentafluorophenyl handles
(Figure 1.12A). These perfluoroaryl boron clusters then served as templates for further
diversification with thiol-containing molecules including alkanes, arenes, alcohols, amines,
peptides, and sugars (Figure 1.12B). The conjugation reactions were generally very efficient,
quantitatively producing multivalent nanoclusters with defined numbers and orientation of the

attached ligands. Nanomolecules grafted with glucose exhibited increased binding affinity to
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Concanavaline A (ConA, Figure 1.12B), showcasing how this strategy allows the rapid generation
of precise multivalency for molecular recognition. The simplicity of this approach is reminiscent
of the assembly of thiol-coated gold nanoparticles (AuNPs) but also possesses additional

advantages such as atomic precision and full covalency.
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Figure 1.12. Atomically precise functionalization of boron clusters via perfluoroaryl-thiol
conjugation reaction.

(A) Boron clusters were modified with perfluoroarenes. (B) Various chemical structures were
attached quantitatively to the perfluoroaryl-linked boron cluster. Synthesized sugar modified
boron cluster has significantly increased binding affinity to Concanavalin A, presumably because

of the multivalency of the modified boron cluster.
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Pentelute was able to utilize the same basic principles describe above, to develop
perfluoroaryl-thiol SNAr reactions for bioconjugation.'”'*® Although the perfluoroaryl-thiol
reactions showed good functional group tolerance in the modification of synthetic molecules
(Figure 1.11), their chemoselectivity in a bioconjugation setting had not been extensively studied.
As a starting point, reactions between various amino acids and commercially available
hexafluorobenzene and decafluorobiphenyl reagents were explored.!” These simple
perfluoroarenes were found to react with the thiol of cysteine but not with other nucleophilic
components of amino acid side chains such as the e-amino group in lysine or the imidazole group
in histidine. Consistent with the previously reported activating effect of a p-thioether group, the
1,4-disubstituted regioisomer was exclusively observed when allowing hexafluorobenzene to react
with an excess of cysteine. The monoarylated product was observed when a large excess (>10-
fold) of hexafluorobenzene was used with peptides containing either one or several cysteines. A
similar substitution pattern was observed for the reaction between decafluorobiphenyl and cysteine.

These results prompted further study of this reaction for the modification of peptides.

Hexafluorobenzene and decafluorobiphenyl both efficiently crosslinked two cysteine thiols
in unprotected peptides (Figure 1.13A).12 When an excess amount of the perfluoroarene was used,
monosubstituted product was the major product formed (Figure 1.13B). These arylation reactions
were fast and usually complete within hours at room temperature. Organic solvents such as
dimethylformamide (DMF), acetonitrile, dimethylsulfoxide (DMSO) can be used. Many mild
organic and inorganic bases such as triethylamine and potassium phosphate could be employed.
Disulfide reducing reagents such as triphenylphosphine and TCEP are compatible with the reaction
and could be added to prevent the oxidation of cysteine thiol. The use of YF-NMR, which clearly
indicate the location of the fluorine atoms on the aromatic ring, provide a convenient NMR

spectroscopic handle to determine the result of these transformations.
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and decafluorobiphenyl.
(A) Peptide stapling with perfluoroarenes developed by Pentelute. (B) Arylation of peptides

containing a single cysteine using an excess (>10 equiv.) of perfluoroarenes.

Based on the initial results using commercial perfluoroarenes, Pentelute designed and
synthesized four additional perfluoroaryl linkers all of which possess thioether substitutions for
activation of p-fluorines.'”* These customized perfluoroaryl linkers were used together with three
commercially available perfluoroarenes to cyclize two cysteine thiols positioned on different sites
on a peptide chain (Figure 1.14)."%* Fourteen unprotected peptides with cysteine residues
positioned from i, i+ to i, i+14 sites were cyclized using seven perfluoroaryl linkers (Figure 1.14),
producing a total of 98 peptide macrocycles. This convergent diversity-oriented macrocyclization
scan highlighted the efficiency, selectivity, and robustness of the perfluoroaryl-cysteine SnAr

reaction for peptide modification.
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Figure 1.14. Peptide macrocyclization scan with commercially available and customized
perfluoroaryl linkers.

The macrocyclic peptide structures availabe were further expanded through a two-step
peptide macrocyclization strategy (Figure 1.15)."%" First, using an excess of the simple
perfluoroarene, both cysteine thiols in an unprotected peptide were arylated to generate a peptide
intermediate with perfluoroarylated cysteine residues. These were further crosslinked using
commercially available dithiol reagents. This strategy might enable the synthesis of a range of

structurally diverse macrocyclic peptides using commercially available dithiols.
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Figure 1.15. Macrocyclization of perfluoroarylated cysteines with dithiol reagents.

Pentelute and several other groups subsequently applied the perfluoroaryl-cysteine SnAr
chemistry to the macrocyclization of bioactive peptides (Table 1.1). Compared to their linear
peptide counterparts, macrocyclic or stapled peptides usually have enhanced biological properties
such as stability against proteases and binding affinity to the target. Pentelute reported a stapled
peptide inhibitor of the C-terminal HIV-1 capsid assembly protein (C-CA) and observed enhanced
binding affinity to C-CA and increased stability against trypsin and chymotrypsin digestion (Table
1.1, entry 1).'°2 Importantly, enhanced cellular uptake of the stapled peptide was observed,

indicating that macrocyclization using perfluoroaryl linkers might render peptides cell permeable.
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Pun recently sampled various macrocyclization strategies for a peptide that targets M2 macrophage.
Decafluorobiphenyl was found to be the optimum stapling reagent to enhance the binding affinity
and the serum stability of the peptide (Table 1.1, entry 2).'%° Schroeder used hexafluorobenzene to
synthesize a macrocyclic peptide as tumor-targeting reagent and found that the perfluoroaryl motif
was not cytotoxic (Table 1.1, entry 3).!'"® Several GLP-1 receptor agonists were cyclized using
perfluoroaryl linkers by Craik.'!! However, these macrocyclic peptides showed reduced potency
compared to their linear analogs (Table 1.1, entries 4-6). Collectively, perfluoroaryl-cyclized
peptides are in most cases more stable than their linear counterparts. The effect of perfluoroaryl
linkers on the binding affinity of macrocyclic peptides differs as a function of the peptide structure
presumably because the linker itself can directly engage or block the binding of the peptide to its
target. This, however, is not an unique property of the perfluoroarene staples, and other carbon-

based linkers have shown to exhibit these sequence-dependent variabilities.''%!!3

Table 1.1. Perfluoroaryl-linked macrocyclic bioactive peptides.

Properties compared
Entry Peptide sequence Linker Function Ref.
to a linear peptide

Bind HIV-1 capsid

Arl e Enhanced binding affinity
1 ITFCDLLCYYGKKK Ar2 assembly protein e Increased cellular uptake 102
(C-CA) e Increased proteolysis stability
9 R W G RCNeY Ar2 Bl W2 e Increased binding affinity 109
GCkkk(K-biotin) macrophage e Increased Serum stability
3 CGNKRTRGC Arl Tumor targeting e Noncytotoxic 110

His-aal-Glu-Gly-Cys-

4 Arl
aa2-Thr-Ser-Cys-aa3-aad
His-aal-Glu-Gly-Thr-aa2-

5 Thr-Cys-Asp-aa3-aa4- Arl GLP-1 receptor

e  Reduced potency 111

Cys agonist
His-aal-Glu-Gly-Cys-

6 aa2-Thr-Ser-Asp-aa3-aa4- Ar2
Cys

* aal: 2-aminoisobutyric acid; aa2: (S)-2-Fluoro-a-methylphenylalanine; aa3: (S)-2-
amino-3-(2'ethyl-4-methoxy-[1,1’-biphenyl]4-yl)propanoic acid; aa4: (S)-2-amino-5-
phenylpentanoic acid
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The perfluoroaryl-cysteine SnAr reaction is also compatible with the chemical synthesis
and folding of proteins. Two small proteins, affibody and human relaxin, were modified with
perfluoroaryl linkers by combining perfluoroaryl-cysteine SnAr reaction with fast flow peptide
synthesis and native chemical ligation techniques (Figure 1.16).'9%'% Pentelute installed a
perfluoroaryl staple on the C-terminal helix of an affibody targeting human epidermal growth
factor receptor 2 (HER-2) (Figure 1.16A).!%% The three segments of affibody were ligated through
two sequential native chemical ligation (NCL) reactions. The resulting folded perfluoroaryl-
stapled affibody has similar circular dichroism (CD) and binding properties compared to the
unmodified affibody. Furthermore, the perfluoroaryl linker could be used as an irreversible
disulfide surrogate through replacing the disulfide between Cys-10 and Cys-15 on the A-chain of
human relaxin (Figure 1.16B).1% Upon oxidative folding with the B-chain, a perfluoroaryl relaxin
was obtained. Using a cell-based assay, modified relaxin was measured to be active, though with

a diminished (100-fold) potency compared to the wild type species.
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Figure 1.16. Total chemical synthesis of perfluoroaryl-modified affibody (A) and human

relaxin (B) proteins.

The perfluoroaryl-cysteine SNAr reaction is efficient in polar organic solvent but in many
cases is very sluggish in aqueous media. Moreover, the low solubility of previously-described
perfluoroaryl reagents (Figure 1.14) limits their utility in aqueous media. In an attempt to use
perfluoroarenes in aqueous media, Derda identified decafluorobiphenylsulfone as a very reactive

electrophile for the arylation of cysteine thiol under aqueous conditions.''* A reaction rate of 180
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M's!? was observed when treating a pentapeptide (Ser-Trp-Cys-Arg-Cys) with
decafluorobiphenylsulfone in Tris buffer (pH 8.5) with 40% acetonitrile. The increased reactivity
of decafluorobiphenylsulfone in aqueous media enabled its application to the modification of
biomolecules sensitive to organic solvents. Using this reagent, Derda macrocyclized peptide
libraries displayed on the surface of M13 phage with good efficiency (Figure 1.17). This paved
the way to further use this peptide stapling reaction and phage display to discover bioactive

macrocyclic peptides.

1. 1mM TCEP, 30 min FOOF
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F F
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F B F & S
F

~ 10° peptid 0.5 h: 35-40% labeled
RS Tris, pH 8.5, 5% DMF, 0.5-2 h 2 h: 40-45% labeled

Figure 1.17. Macrocyclization of phage-displayed peptides via cysteine perfluoroarylation
with perfluoroarylsulfone reagent.

Another approach to increase the reactivity of perfluoroarenes in water is through
proximity-induced reactions. Wang developed a photoswitchable amino acid containing an
pentafluorophenyl group for cysteine reaction and an azo bridge for photoswitching (Figure
1.18).!"5 This amino acid was introduced into proteins via genetic code expansion, allowing the
pentafluorophenyl group to react with a nearby cysteine to form an azo bridge in situ during
expression of the protein in £. Coli. The fluorines changed the photophysical properties of the azo
bridge, enabling the photoswitch unit to isomerize under visible light. Applying this strategy to
modification of calmodulin enabled the photocontrol of the conformation and binding of
calmodulin. The expressed protein was a mixture of desired azo-bridged protein, the unreacted
protein, and a side product with the perfluoroaryl reacted with glutathione, indicating that further
optimization of the reaction to increase the reaction rate and selectivity is required to generate the

desired product with higher yields.
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Figure 1.18. Proximity-induced cysteine arylation and genetic code expansion for
introduction of photoswitchable azo bridges into proteins.

Cysteine perfluoroarylation was also explored for introducing '®F radiolabels into
biomolecules. Chen synthesized perfluoroaryl linked dimers of an integrin binding peptide using
I8F_hexafluorobenzene generated from ®F exchange with a non-radiolabeled hexafluorobenzene
(Figure 1.19).''® The '8F-hexafluorobenzene reacted with a thiol containing cyclic peptide
(cyclo(RGDfK)) that binds to cell surface integrin. About 50% conversion to the desired product
was observed after 20 min reaction at room temperature. The '®F-labeled dimeric peptide was
obtained with 40% radiochemical yield after HPLC purification. The perfluoroaryl-linked dimeric
peptide showed similar binding affinity to av/3s integrin as the original monomer. In addition, this
dimer showed good tumor uptake and high tumor-to-background contrast in positron emission

tomography (PET) imaging of a tumor xenograft mice model.
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Figure 1.19. Introduction of '®F radiolabel through cysteine perfluoroarylation for PET

imaging.



(b) Chemo- and regio-selective cysteine SNAr arylation

Reactions on proteins that contain several solvent-exposed cysteine sites usually lead to
mixtures of products with undefined position and number of modifications. For example,
maleimide conjugation was previously used to conjugate drug molecules to reduced interchain
cysteines in antibodies.!'” The resulting antibody-drug conjugates (ADCs) form mixtures of
products with drug-to-antibody ratio (DAR) ranging from 1 to 8. Even for molecules with the same
DAR, the position of drug attachment might differ. Each individual member in this ADC mixture
might have different therapeutic properties, which presents a significant challenge for systematic
studies of ADCs and calls for the development of site-selective chemistry for ADC synthesis.

Although many chemoselective cysteine bioconjugation methods have been developed,
regioselective cysteine conjugations are rare. Caddick and co-workers found that one of the two
cysteine residues in superfolder green fluorescent protein can selectively react with 2,5-
dibromohexanediamide.''® In certain instances, the N-terminal cysteine could be selectively
modified via native chemical ligation, albeit the final ligation product is an amide bond rather than

modification on the cysteine thiol.!!®"'?> Other more sophisticated strategies using protecting

124-126 7

groups,'?® enzyme catalysts, or multiple chemical steps'?’” were also developed for
regioselective cysteine conjugation.

Nature uses enzymes to control the chemo- and regio-selectivities of chemical reactions
including highly precise post-translational modifications.'?®!?? In the case of cysteine arylation,
Nature uses glutathione S-transferase (GST) to perform highly selective arylation reactions. GST
is a family of promiscuous enzymes that catalyze the conjugation of electrophilic xenobiotic
substrates to the thiol of a tripeptide glutathione (y-Glu-Cys-Gly, GSH) for the purpose of
detoxification.!*®!3! Aryl halides are a known family of electrophiles accepted by GST. In fact,
GST-catalyzed conjugation of 1,4-dinitrochlorobenzene (DNCB) to GSH is a routinely used
method for a standard colorimetric assay to assess the enzymatic activity of GSTs (Figure
1.20A).1327134 Upon arylation of GSH with DNCB under enzyme-catalysis, the arylated product
has an increased UV absorbance at 340 nm, allowing the determination of the enzymatic activity

of a broad range of GST isozymes.
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Figure 1.20. Glutathione S-transferase-catalyzed arylation of cysteine thiol in glutathione.
(A) GST catalyzes the arylation of glutathione with 2,4-dinitrochlorobenzene. (B) GST catalyzes

the perfluoroarylation of glutathione with various peptide-based perfluoroaryl electrophiles.

Because of the substrate promiscuity of natural GSTs, Pentelute hypothesized that these
enzymes can be directly hijacked to catalyze the SnAr reaction between perfluoroarenes and
glutathione as a way to improve the rate of previously sluggish perfluoroarylation reactions in
aqueous solution (Figure 1.20B). Perfluoroarenes such as hexafluorobenzene and
decafluorobiphenyl have very low solubility in water, however one can prepare several water-
soluble peptide-based perfluoroaryl electrophiles by treating cysteine-containing peptides with an
excess of perfluoroarenes (Figure 1.20B). These peptide-based perfluoroaryl electrophiles were
conjugated to GSH using a mixture of commercially available natural GST isozymes.'”
Importantly, no reactions were observed in a control experiment without enzyme. GSTs purified
from different sources displayed similar activity and the decafluorobiphenyl-based electrophile
was found to be the most reactive electrophile under GST catalysis (Figure 1.20B). It is worth
noting that many glutathione S-transferases contains cysteine residues,*® therefore, the GST-
catalyzed reaction provides a potential approach for selective cysteine modification in the presence
of other thiol species.

To further explore GST-catalyzed reactions for protein modification, GSH was installed as
a peptide tag on the protein of interest (Figure 1.21).!" Inspired by a crystal structure of GSH
bound to GST (Figure 1.21A),'* Pentelute hypothesized that appending the protein of interest to

the C-termini of GSH might not significantly affect the recognition of GSH by the enzyme. Such
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a design resulted in an N-terminal GSH tag for protein modification. When GSH was incorporated
into the peptide or protein of interest that containd endogenous cysteines, the GST enzyme might
catalyze the regioselective conjugation of perfluoroaryl electrophiles to the thiol of GSH in the
presence of other competing cysteine residues on the same molecule (Figure 1.21B). Indeed, it was
found that several model peptides with the N-terminal GSH tag efficiently conjugated to
perfluoroaryl probes under GST catalysis irrespective of the structure of amino acid directly linked

to the glycine of the GSH tag.
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Figure 1.21. GST-catalyzed regioselective cysteine perfluoroarylation.

(A) A crystal structure of GSH bound to GST dimer shows that the Gly moiety of GSH is exposed
as a possible site for attaching peptide/protein without compromising the recognition of GSH by
GST. (B) Attaching a three-amino acid glutathione (GSH) tag at the N-terminus of the peptide or

protein of interest enables recognition by GST and selective conjugation to perfluoroaryl-linked

reagents.
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The GST-catalyzed regioselective cysteine conjugation enables applications to protecting
group-free dual protein modification (Figure 1.22A) and regioselective macrocyclization of long
unprotected peptides (Figure 1.22B).!%!% The GSH tag can be installed on the N-terminus of a
model protein through native chemical ligation. The resulting protein was dual-labeled with biotin
and fluorescein through two sequential reactions. The GSH cysteine was first modified using a
perfluoroaryl biotin probe under GST catalysis, then the other unprotected cysteine was labeled
with maleimide fluorescein without purification of the previous product (Figure 1.22A). The GSH
tag was also installed on the N-terminus of peptides that already possess C-terminal
perfluoroarylated cysteines. Under GST catalysis, macrocyclic peptides with lengths up to 40-
residues were readily synthesized (Figure 1.22B). In contrast, cyclization reactions without

enzyme produced polymers and other side products.
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Figure 1.22. Applications of GST-catalyzed regioselective cysteine perfluoroarylation.

(A) Protecting-group-free selective dual-labeling of a protein. (B) Enzyme-catalyzed

regioselective macrocyclization of a long peptide.

One limitation of the GST-catalyzed cysteine conjugation is the requirement for a GSH tag
which has a y-glutamic acid that is not genetically encoded. To overcome this limitation, a fully

genetically encodable peptide tag that promotes cysteine arylation in water would be highly
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desirable. Pioneering work by Tsien described peptide tags containing multiple cysteines to
entropically promote selective conjugation to biarsenic reagents.!3%!37 More recently, arsenic-
based reagents were used to modify two cysteines generated from the reduction of a disulfide.!*
Because of previous observation that different protein microenvironments led to different cysteine

reactivity, %118

a new strategy was envisioned for site-selective cysteine arylation though fine-
tuning the arylation reactivity of a cysteine within a small peptide sequence.

Pentelute discovered that a four-residue peptide sequence (Phe-Cys-Pro-Phe), which is
referred to as the “m-clamp” greatly promotes cysteine perfluoroarylation in water (Figure
1.23A).197 The reaction rate between a n-clamp peptide and a perfluoroaryl probe was 0.76 M-!s™!
which was more than 1000-fold faster than the reaction of a control cysteine-containing peptide.
Molecular dynamics (MD) simulation and density function theory (DFT) calculations showed that
the n-clamp sequence promoted the reaction both kinetically (lowering the activation energy) and
thermodynamically (generating a more stable product) as compared to the control.

The n-clamp was applied to site-specific modification of antibodies (Figure 1.23B).!% The
n-clamp is small and composed entirely of genetically encoded amino acids, enabling the
convenient insertion of n-clamp into the C-terminus of antibody heavy chains. The expressed -
clamp antibodies readily conjugated to perfluoroaryl linked probes in a single step under reducing
conditions. Only m-clamp cysteine thiols were labeled and other reduced thiols from the antibody
interchain disulfides were intact under the reaction conditions. The resulting site-specific antibody
conjugates retained their target binding affinity, indicating the insertion of m-clamp and the
reaction conditions didn’t significantly affect the structure and function of the antibody. A site-
specific m-clamp antibody-drug conjugates showed receptor-dependent cell killing. Compared to

other site-selective antibody modification methods that require either unnatural amino acids,'*’

enzymes, **1*2 or multiple chemical steps,'*3!** the n-clamp provides a single-step method for
site-selective antibody modification and shows great promise for novel site-specific antibody-drug

conjugates.
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Figure 1.23. n-Clamp-mediated regioselective cysteine modification.
(A) m-Clamp mediates selective arylation on its cysteine residues in the presence of other

competing cysteine residues. (B) n-Clamp-mediated site-specific antibody modification.

During the investigation of the n-clamp, Pentelute discovered that adding simple inorganic
salts significantly changed the reaction rate of the bioconjugation.'® Strikingly, different salts can
change the rate constant over four orders of magnitude for the n-clamp mediated arylation reaction
(Figure 1.24). The observed trend of salt effect on the rate constant followed the Hofmeister
series,!**146 a phenomenon that had existed for more than a hundred years but has never been used
for bioconjugation. Protein-compatible salts including ammonium sulfate were used to greatly
enhance bioconjugation reactions such as n-clamp-mediated arylation, enabling the fast synthesis
of functional antibody-drug conjugates. Importantly, the salt effect can be expanded to reactions
beyond arylation; Pentelute showed that ammonium sulfate can also enhance the rate of an
alkylation reaction, providing the first example of site-specific cysteine alkylation mediated by 7-
clamp. The advantage of salt effect is significant as well as practical for the modification of
biomolecules, considering heating and concentrating are generally not compatible with delicate or

easy to aggregate proteins.
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Figure 1.24. Salt effect on n-clamp mediated cysteine arylation.

1.2.2. Metal-mediated cysteine arylation

In the past two decades, metal-mediated bioconjugation reactions have become common
tools in the field of chemical biology.**#*!47"15l Metal-mediated arylation provides a
complementary approach to nucleophilic aromatic substitution (SnAr), enabling an expanded
scope of aryl modifications for peptides and proteins. A representative selection of the existing
organometallic approaches toward the arylation of biomolecules is presented in different sections

of this review below.
(a) Chemoselective metal-mediated cysteine arylation

Selective cysteine arylation using organometallic reagents represents an important example
of metal-mediated arylative bioconjugation reactions. Metal-catalyzed C-S cross-coupling
reactions have been used for small molecule synthesis by chemists for over three decades.'>*!
Yet, the first report on metal-mediated S-arylation of biomolecules appeared very recently, when
in 2014 Wong used gold(II) complexes to transfer aryl groups to thiols on short peptides and
bovine serum albumin (BSA, Figure 1.25)."°°> The cyclometalated structure of the gold(IIl)
complex required the use of arylpyridine units, which limited the scope of aryl structures that could
be introduced using this method. Moreover, the slow reaction kinetics of the reductive elimination

from gold(I1I) led to undesired and prolonged heating of the reaction which can be incompatible

with certain delicate proteins.
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Figure 1.25. Gold(I1I)-mediated cysteine arylation.

Shortly after the work of Wong, Buchwald and Pentelute reported palladium-based
organometallic complexes featuring biarylphosphine ligands as efficient and versatile reagents for
chemoselective cysteine arylation (Figure 1.26)."°° The reaction proceeded at low micromolar
concentrations of both the organometallic complex and the biomolecule, requiring no heating, and
only 5% of common organic co-solvent (CH;CN, DMF, DMSO) was necessary for quantitative
conversions at room temperature within minutes. Uniquely, desired products could be formed
under a wide range of pH (2-10), enabling labeling of peptide cysteine residues even in water

containing 0.1% of trifluoroacetic acid (TFA).
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Figure 1.26. Organometallic palladium(II) reagents for cysteine arylation.

A variety of oxidative addition complexes could be accessed in high yields in one step from
commercially available aryl halide or from trifluoromethanesulfonate precursors (Figure
1.27A).1% These storable and air-stable arylation reagents were successfully applied to the cysteine
arylation of unprotected peptides, small antibody mimetic proteins, bacterial toxins, and antibodies
(Figure 1.27B). Diverse S-aryl and S-heteroaryl bioconjugates were synthesized to introduce
fluorescent dyes, affinity tags, and bioconjugation handles into peptides and proteins (Figure 1.27).

A comparative study of the resulting conjugates against maleimide and acetamide analogues
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showed that S-aryl conjugates are more stable under basic, acidic, and oxidative conditions, as well
as in the presence of high concentrations of glutathione. The reaction rate of palladium-mediated
S-arylation was comparable to or slightly faster than maleimide at neutral pH and is significantly

faster in acidic solutions in which maleimide reaction generates no product.
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Figure 1.27. Organometallic palladium complexes (A) and protein targets (B) studied in the
palladium-mediated cysteine arylation reaction.

Palladium reagents bearing two metal centers were used for peptide stapling without the
formation of peptide oligomers (Figure 1.28).!°%157 The high efficiency of this transformation
allowed access to a number of aryl-stapled peptides for a comprehensive study on the role of the
linker hydrophilicity, rigidity, and overall substitution pattern on various peptide properties
including lipophilicity, phospholipid affinity, unique volume of distribution, and target binding
affinity (Figure 1.28).
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Figure 1.28. Organometallic palladium reagents for peptide stapling.

One of the advantages of palladium-mediated arylation is its compatibility with TCEP
commonly used for the reduction of disulfides in proteins and antibodies.'*® This, combined with
the mild reaction conditions allowed the application of this transformation for the efficient
synthesis of “linker-free” antibody drug conjugates where the drug molecules were directly
attached to cysteine thiols in antibodies (Figure 1.29).'%¢ The resulting ADCs has similar target
binding affinity compared to the native antibody, indicating that the reaction conditions and the

use of palladium reagents did not significantly affect the antibody function.

o]

TCEP

37°C,pH75,2h 37 °C, pH 7.5, 30 min

Figure 1.29. Organometallic palladium reagents for antibody-drug conjugation.

Messaoudi showed that medal-mediated S-arylative bioconjugation reactions could be
performed using catalytic amounts of XantPhos-based aminobiphenyl mesylate palladium pre-
catalysts (Figure 1.30).'5? Short unprotected peptides could be converted into the corresponding S-
aryl bioconjugates using only 2% of the palladium precatalyst in greater than 80% yields.
Trastuzumab antibody could also be labeled following pre-reduction with TCEP. However, the
efficiency of this catalytic process and the resulting drug-to-antibody ratio were not investigated

and potentially warrant further optimization of the catalyst system.
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Figure 1.30. Palladium-catalyzed cysteine arylation.
(b) Chemo- and regio-selective metal site-guided cysteine arylation

An important challenge in the field of bioconjugation is to develop efficient reactions with
tunable site-selectivity.*> Organometallic complexes provide a number of promising entry points
into the development of site-specific bioconjugation approaches, including the variation of
biomolecule microenvironment, metal/ligand combinations, and leaving groups.

Davis used the protein microenvironment for the site-specific arylation of cysteine residues
proximal to endogenous metal-binding sites in metalloenzymes.'® The authors used a known
metalloenzyme — mannosyl-glycerate synthase — to showcase that the arylation reaction could be
directed with high regioselectivity to the Cys-233 proximal to the endogenous DxD metal-binding
motif without affecting other three cysteine residues on the same protein molecule (Figure 1.31).
While this initial report highlighted the potential of organometallic catalysts for site-specific
bioconjugation, the relatively high reaction temperature (65 °C) can lead to protein denaturation

and therefore limits the breadth of potential applications of this method.
NaQ
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NaO 4 (80 ea)
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Figure 1.31. Metal-site guided cysteine arylation.
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1.3. Lysine arylation

Lysine is one of the most abundant amino acids in the human proteome. There is usually
more than one solvent-exposed lysines on a protein surface, making it difficult to site-selectively
modify one lysine side chain among many. The lysine g-amino group is more nucleophilic than
the N-terminal amine. However, the protonated form of lyseine g-amino group (pKa = 10) is less
acidic than that of the N-terminal amine (pKa ~ 8). When both amines are neutral at higher pH, the
lysine €-amino group might be selectively modified without reaction on the protein N-terminus.
At a lower pH, however, the lysine g-amines are protonated while the free N-terminal amino group
can be modified.

Bioconjugation on the g-amine of lysine is a routine strategy to chemically modify proteins
when site-selectivity does not pose a strict requirement.?**? Classic methods use electrophiles such
as activated esters, isocyanates, and sulfonyl chlorides. Many lysine-based bioconjugates are used
as vaccines and biotherapeutics. For example, the first FDA-approved PEGylated protein
therapeutic ADAGEN® was made from conjugation of PEG polymers to lysine g-amines in
adenosine deaminase using succinic esters. ¢!

N-arylation is a powerful approach to construct N—C(sp?) bonds in numerous drug
molecules and complex natural products. A wide range of electron-deficient aryl halide
electrophiles are used to modify amines through nucleophilic aromatic substitution (SnAr)
reactions. More routinely used methods for the arylation of amines are transition-metal catalyzed
cross-coupling reactions such as the Buchwald-Hartwig reaction,’®!0%!%3 the Chan-Lam
reaction,'®*1% and Ullmann-Goldberg coupling reactions.!®’!7 Many aryl halides and aryl
boronic acids are commercially available, providing a wide selection of structures for amine
modification using these metal-catalyzed reactions.

Compared to its extensive development for small molecule synthesis, N-arylation is much
less explored for the modification of large biomolecules. One of the early examples of the N-
arylation of biomolecules is Sanger’s reagent for protein sequencing (Figure 1.32).'7" In 1945,
Sanger reported the reaction between 2,4-dinitrofluorobenzene (DNFB) and the protein N-terminal
amino groups. The DNFB-modified proteins were hydrolyzed under acidic conditions, generating

dinitrophenyl-amino acids that were identified through either chromatographic or colorimetric
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assays.!”! The selectivity of 2,4-dinitrofluorobenzene for amino group is moderate, as cysteine

thiol, histidine imidazole, and tyrosine phenol groups can also react with DNFB.

NO,

0 R? w 9
o Se o I
- H -
dinitrofluorobenzene R’ o R
(DNFB, Sanger's reagent)

base l -Fe
NO; , O R2 h 0
Oarys”
1 3
ON R 0 R

HCIl
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OH
o el o
R1 0 R3
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Figure 1.32. Sanger’s reagent for peptide sequencing.
1.3.1. Chemoselective lysine arylation via SNAr chemistry

Fluoronitrobenzene reagents that are structurally similar to Sanger’s reagent were
developed to label lysine g-amino groups in proteins (Figure 1.33). These reagents did not
distinguish lysine g-amino groups from the N-terminal amino group, resulting in non-selective
labeling of both set of amines in proteins. Sutton used a trimethylammonium nitrofluorobenzene
reagent for arylation of bovine insulin to introduce positive charges into the protein to increase its
solubility and crystallizability (Figure 1.33A)."" The arylation reagent is not specific to amines,
as two of the four tyrosines in bovine insulin were also labeled. A similar approach was developed
for protein PEGylation by Ladd (Figure 1.33B).'” A PEG derivative of fluoronitrobenzene was
conjugated to bovine superoxide dismutase. The resulting PEGylated protein has a PEG to protein
ratio of 8.8 and retained full enzyme activity. These early examples of fluoronitrobenzene-type
electrophiles showed promise for the arylation of proteins under mild conditions albeit with

moderate chemoselectivity and poor regioselectivity.
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Figure 1.33. Fluoronitrobenzene reagents for protein lysine modification.
(A) Labeling of bovine insulin with 1-fluoro-2-nitro-4-trimethylammoniobenzene iodide
improved the protein’s hydrophilicity and made it readily crystallizable. (B) PEGylation of

proteins using a PEGylated ester of 4-fluoro-3-nitrobenzoic acid.

Pentelute recently reported a series of aryl halides for peptide lysine modification.'”* The
SNAr reactivity of five fluorinated aromatic electrophiles and two triazine-based electrophiles
(Figure 1.34) was evaluated for arylation of lysine €-amino groups in unprotected peptides.
Because of the lower nucleophilicity of amines compared to thiols, a slightly elevated temperature
(37 °C) and prolonged reaction time up to 24 hours were needed to generate the arylated product.
The decafluorobiphenylsulfone (Ar8) was found to be the most reactive reagent for lysine
arylation. With it, the desired arylated product was formed in high yields at room temperature
within hours. The chemoselectivity of Ar8 for N-arylation is good as nucleophiles including those
in tyrosine, arginine, and histidine were not reactive under the developed reaction conditions.
Cysteine was not compatible with the reaction conditons because thiol reacted faster than lysine
amine with electrophile Ar8.

Unprotected peptides containing a range of spacing between two lysines were efficiently
stapled by Ar8.'7* The lysine-stapled peptides showed improved stability against oxidation and

bases compared to the cysteine-stapled counterparts. Furthermore, the stapled peptide variant of a
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p53-derived peptide inhibitor of MDM2 showed improved stability against proteases, increased

binding to MDM2, and improved cellular uptake compared to a linear peptide analog.
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Figure 1.34. Lysine SxAr arylation for peptide modification.
(A) Arylation of a single lysine (top) and cyclization of two lysines (bottom) of unprotected

peptides using aryl halides. (B) Trend of the arylation reactivity of the aryl halides studied.

1.3.2. Metal-mediated chemoselective lysine arylation

Transition metal-mediated cross-coupling reactions are highly useful for constructing C-N
bonds in small molecules.’**® Importantly, reactivity and selectivity in such metal-mediated
processes can be tuned through rational ligand design. Buchwald and Pentelute recently developed
new organometallic palladium complexes for lysine arylation in unprotected peptides (Figure 1.35)
in organic solvents.'” Comparing oxidative addition compleses derived from several
biarylphosphine ligands showed that the /-BuBretPhos (Figure 1.35C) was the optimum ligand for
the efficient arylation of lysine €-amino groups at room temperature in polar organic solvents. The
chemoselectivity of the reaction was good as most oxygen and nitrogen protein nucleophiles
including those contained in Ser, Tyr, Met, His, Trp and Asn were unreactive while cysteine
reacted much faster than lysine under the reported conditions. Some competitive reactivity was

seen when with peptides containing an Arg or a C-terminal amide. The N-terminal amine was more
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nucleophilic than lysine side chain and selective arylation was observed for the N-terminal amine
over the lysine g-amine. Various small molecules were conjugated to peptide lysine using the
developed N-arylation approach (Figure 1.35A) including stapled peptides from bispalladium
complexes (Figure 1.35B). Further optimization of the ligand should potentially enable palladium-
mediated N-arylation in aqueous media and expand the scope of this reaction to more complex

protein targets.
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Figure 1.35. Palladium-mediated lysine arylation.

The challenge of site-selective N-arylation can also be tackled through exploiting the
recognition and directing effects of protein microenvironments. Ball recently reported a histidine-
directed method to site-selectively arylate amide in the protein backbone (Figure 1.36).'7
Histidine residues in peptides and proteins were found to direct the oxidative coupling of aryl
boronic acids and boronates to a proximal backbone amide nitrogen through a Chan-Lam-type
cross-coupling reaction. The reaction proceeded under mild aqueous conditions, enabling
backbone modification of histidine-containing proteins. Lysozyme was site-selectively modified
with several bioconjugation and affinity handles utilizing its native His-15 as a directing group to
promote the arylation of backbone amide of Arg-14 (Figure 1.36). This work demonstrated how

the native residues in proteins and peptides were harnessed to direct site-selective chemistry in

metal-mediated processes.
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Figure 1.36. Copper-mediated N-arylation for peptide backbone modification.

1.4. Arylation of other amino acids

Bioconjugation reactions have been developed to modify amino acids other than cysteine
and lysine. The nucleophilic side chains of tyrosine and tryptophan are major targets for arylation
reactions on canonical amino acids. Genetic code expansion enables incorporation of various
unnatural amino acids into proteins, facilitating various methods for efficient and robust arylation

chemistry for site-selective protein modification.
1.4.1. Arylation of other canonical amino acids

Tyrosine

Weerapana recently identified an aryl halide that reacted in a tyrosine-selective manner,
from profiling the reactivity and selectivity of a small library of aryl electrophiles (Figure 1.37).!”
A dichlorotriazine compound bearing an L-leucine methyl ester moiety was identified to
selectively arylate the Tyr-108 of glutathione S-transferase P1 (GSTP1). This compound, termed
LAS17, selectively inhibited GSTP1 in a concentration-dependent manner in cell lysate. The site
of covalent modification was confirmed through extensive mutation studies and mass spectrometry
analysis. It was proposed that the covalent arylation on Tyr-108 blocked a proximal glutathione
(GSH) binding site of GSTP1. Because GSTP1 was found to promote tumorigenesis and drug
resistance in cancer, the use of LAS17 as a covalent inhibitor of GSTP1 showed great promise as
chemical probe to further interrogate the biological role of GSTP1 and as the starting point to

develop potential cancer therapeutics.
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Figure 1.37. Tyrosine-selective dichlorotriazine species as covalent protein inhibitors.
Besides the hydroxyl group, the o-carbons (C-3 and C-5) on the phenol ring of tyrosine
could also be used for bioconjugation. Heinrich developed a radical-mediated approach to generate
3-aryltyrosine residues in peptides (Figure 1.38)."”® Using an aryl diazonium salt and titanium (IIT)
chloride under acidic conditions, the tyrosine residue of neurotensin peptide fragement could be
regioselectively arylated. The proposed radical-mediated mechanism is unique as previous non-
transition metal-mediated approaches for using aryl diazonium salt to modify tyrosine residues
generated diazo linkages.'” This method provides a way to quickly generate 3-aryltyrosine

analogues of neurotensin peptide to test their activity against neurotensin receptor subtype 2.

F:
Q 3 T
N, Cl

TiCls5, 30 °c
Neurotensin (8-13) HCI, H,0

Figure 1.38. Radical arylation of tyrosine residues in peptides.

Other metal-mediated approaches were also developed to arylate tyrosine residues. The
versatility of transition-metal mediated arylation reactions was illustrated in the site-selective
arylation of a peptide that contains tryptophan, dehydroalanine (Dha), and tyrosine (Figure
1.39)."8 Willis and Frost reported using a combination of palladium and rhodium catalysis to site-
selectively label each individual residue in the tripeptide (Trp-Dha-Tyr). Each process showed
great chemoselectivity and functional group tolerance. First, using Xantphos (L1) as the
supporting ligand, selective N-arylation of the indole of the tryptophan was observed. With
JohnPhos (L2), O-arylation was seen indicative of the fact that the fine-tuning of ligands provides
the means to selectively afylate different residues in peptides and possibly proteins. Moreover,

rhodium-catalyzed arylation, with racemic 2,2’-Bis(diphenylphosphino)-1,1’-binaphthalene (rac-
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BINAP, L3) as the ligand, was chemoselective for reaction at the dehydroalanine unit, generating

a tripeptide product as a single diastereomer. '8!
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Figure 1.39. Metal-mediated site-selective arylation of dehydroalanine, tyrosine, and
tryptophan.
Tryptophan

Transition metal-mediated C—H activation has become an important tool for construction
of various carbon-carbon and carbon-heteroatom bonds in complex small molecules.'®? Built upon

previous C—H activation strategies for indole-arylation,'®3

several palladium- and ruthenium-
catalyzed C—H activation processes were recently developed to modify the C-2 position of
tryptophan residues.

In 2010, Albericio and Lavilla groups first reported the conjugation of a variety of aryl
iodides to tryptophan residues in peptides via palladium-catalyzed C—H activation reactions
(Figure 1.40A).'% The reaction was chemoselective for tryptophan in the presence of other amino
acid nucleophiles including Tyr, Arg, His, Lys, Ser, Met, and Gln. This C—H activation strategy
was also used to prepare stapled peptides containing Phe-Trp or Tyr-Trp linkages using 3-

iodophenylalanine or 2-iodotyrosine (Figure 1.40E).!3>!3¢ The stapling reactions were performed

either on-resin or in solution, providing access to a number of structurally diverse stapled peptides.
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A similar strategy was used by James for the palladium-catalyzed macrocyclization
reaction through C—H arylation of tryptophan side chain with iodophenylalanine (Figure 1.40D)."*
Macrocycles containing simple aryl and alkyl linkers were synthesized using Pd(OAc)2 as the
catalyst in the presence of AgBF4 and 2-nitrobenzoic acid (2-NO2-BzOH). Variants with p- and
m-iodophenylalanine were readily crosslinked with tryptophan residue. Substrates with ortho-
iodophenylalanine were unreactive under the developed conditions presumably for steric reasons.

Recently, Ackermann developed a ruthenium (II)- C—H activation process for the C-2
arylation of tryptophan (Figure 1.40C)."*® A wide range of aryl bromides were coupled to
tryptophan using a 2-pyridyl directing group. The reaction showed good chemoselectivity in the
presence of added histidine, arginine, tyrosine, aspartic acid, and glutamine. Besides tryptophan
modification, this ruthenium (II)-catalyzed reaction was also used for peptide ligation (Figure
1.40F) to create more complex peptide structures.

A mild and selective palladium-mediated C—H activation reaction was reported by
Fairlamb for C-2-arylation of tryptophan residues (Figure 1.40B).!8'%" The authors used
unsymmetrical diaryliodonium salts as the arylation reagent and Pd(OAc): as the catalyst to
efficiently and selectively generate the C-2 arylated tryptophan products at 25 °C. The unusually
mild conditions are noteworthy as almost all other C—H activation strategies for the arylation of

tryptophan require the use of elevated temperatures.

68



[tryptophan modification ]

H
o -®
ol
Pd(OAc),, AgBF, 2-NO,-BzOH
AcHN peptide }—COOH phosphate buffer AcHN
80 °C, 10 min, MW

H OTf
&

AcHN—{_ peptide }-COOH  Pd(OAc), (10 mol%)
i-PrOH, 25 °C, 16 h, air

COOH

[RuCly(p-cymene)], (5 mol%)
F5CgCO,H (30 mol%)
K3PO4, m-xylene
120°C, 20 h AcHN

AcHN: peptide }-COOEt peptide

COOH

[pepﬂde macrocyclization)a

D

i B
Pd(OAc),, AgBF, @ N
Z-NOQ-BZOH o COOMe
AcHN
AcHN T owas N O

cooMe 130 °C, 30 min, Mw

Pd(OAc),, AgBF,
2-NO,-BzOH

PBS/DMF (1/1)
80 °C, 15 min, MW  AcHN

d peptide ligation ),
(3

| [RuCl,(p-cymene)], (5 mol%) R
Q F5CBC02H (30 mol%)
K3POQy4, m-xylene
AcHN OOEt 120°C, 20 h AcHN COOEt

Figure 1.40. C-H activation for arylation of tryptophan residues in peptides.

(A) Palladium-mediated C-H activation for the C-2-arylation of a tryptophan unit using aryl
idodides. (B) Diaryliodonium salts as the aryl source for palladium-mediated arylation of
tryptophan. (C) Ruthenium-catalyzed C-H activation for the modification of tryptophan in
protected peptides using 2-pyridyl as a directing group. (D) Palladium-mediated C-H activation
for the synthesis of peptidic macrocycles. (E) C-H activation for the formation of phenylalanine-

tryptophan or tyrosine-tryptophan crosslinks. (F) Ruthenium-catalyzed peptide ligation using

dibromoaryl linkers.
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1.4.2. Umpolung arylation of oxidized selenocysteine electrophiles

Selenocysteine (Sec) is a close structural analogue of cysteine with selenium in place of
the sulfur in cysteine.'®! Selenols are much more nucleophilic than thiols mainly because of the
greater polarizability of selenium than sulfur.'®> Moreover, alkyl selenols are quite acidic (pKa =
5),1%2 making the selenolate the dominant form of selenocysteine residue at physiological pH. Both
factors make Sec an appealing bioconjugation handle for site-selective protein modification with
electrophiles such as maleimides.'”® Because Sec is prone to oxidation to form a diselenide, the
addition of a strong reducing agent is required to keep selenocysteine reduced during traditional
Sec-based bioconjugation reactions.

Pentelute and Buchwald recently reported an umpolung approach to the arylation of
selenocysteine in unprotected peptides.!** Instead of relying on the nucleophilic character of Sec,

they explored the conjugation of aryl nucleophiles to oxidized Sec electrophiles (Figure 1.41).

195.19 an approach to

Inspired by previous reports on arylation of selenides in small molecules,
arylate oxidized Sec using boronic acid reagents via a copper-mediated process was devised. The
reaction was chemoselective as most amino acids except cysteine were compatible with the
reaction, enabling arylation of Sec in a complex peptide with a wide range of aryl boronic acids.
The utility of this method needs to be further explored by combining this umpolung reaction with

established techniques to incorporate Sec into proteins.
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Figure 1.41. Copper-mediated umpolung arylation of oxidized selenocysteine.
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1.4.3. Arylation of unnatural amino acids

Transition metal-catalyzed coupling reactions are key methods for arylation reactions on
unnatural amino acids (Figure 1.42).!*%'% Palladium-catalyzed Suzuki-Miyaura, Sonogashira, and
Heck reactions (Figure 1.42B) have been developed to modify proteins both in the test tube and in
living cells. Such metal-mediated bioconjugation processes usually consist of two steps (Figure
1.42A). First, either one of the coupling partners is installed on the protein of interest as an
unnatural amino acid through chemical®™?% or enzymatic?®! tagging, solid-phase peptide
synthesis (SPPS),2°%2% or genetic code expansion’**2% (Figure 1.43). Then the other coupling

partner is conjugated to the protein via transition-metal-catalyzed coupling reactions.

A (step 1. introduction of conjugation handles)_ ( step 2. Pd-mediated arylation )

T I
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Figure 1.42. Metal-mediated arylation of unnatural amino acids.
(A) A two-step process for palladium-mediated arylation of unnatural amino acids. (B) Key

examples of palladium-mediated coupling strategies applied to bioconjugation.

These metal-mediated arylation reactions require the incorporation of unnatural handles
(aryl halides, aryl boronic acids, alkynes, and alkenes) into the protein of interest (Figure 1.43).
Chemical tagging and solid-phase synthesis were early approaches used to introduce these handles
into proteins. For small peptides that are amenable to solid-phase synthesis, multiple conjugation

handles such as iodophenylalanine and iodotyrosine can be directly incorporated into the peptide
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chain.?>?% Canonical amino acid residues in proteins can also be tagged with desired conjugation
handles through other conjugation chemistries (e.g., alkylation,'*” iodination,'*® and acylation'*®).
Recently, the use of genetic code expansion has enabled the incorporation of these handles as
unnatural amino acids.?*2% Although precise site-selectivity is ensured in genetic code expansion,

the number of unnatural amino acids that could be incorporated into a protein is still limited.
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Figure 1.43. Methods for incorporating unnatural arylation handles into peptides or

proteins.

Palladium-ligand combinations determine the reactivity and selectivity of these metal-
catalyzed arylation reactions (Figure 1.44). Initial reports using phosphine-based ligands (Figure
1.44, L1 and L2)'%>?°!, NayPdCls,?? or Pd-DBA**® met with limited success because of the low
efficiency of these catalyst and the harsh reaction conditions employed. The utilization of non-
phosphine ligands (Figure 1.44, L3-1L8)?°%219211 or Pd(NO3)2 2* enabled highly efficient arylation

of unnatural amino acids on proteins both i vitro and in vivo.
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Figure 1.44. Palladium sources and ligands used for the metal-mediated arylation of

unnatural amino acids.

In 1998, Schmidtchen first reported the palladium-catalyzed Sonogashira reaction to
modify peptides in aqueous media.?’! A water-solubable guanidinoaryl-phosphine ligand (Figure
1.44, L1) was used in combination with palladium and copper co-catalysts to modify 4-
iodophenylanaline enzymatically installed on a small peptide. Later in 2005, Hamachi reported the
Suzuki-Miyaura reaction of small chemically synthesized proteins in aqueous buffers using
Na2PdCls as the catalyst.2? A significant amount of glycerol (50% v/v) and slightly elevated
temperature (40 °C) were required to achieve > 90% arylation yields. Yokoyama and Tachibana
first reported the Sonogashira and Heck reactions between terminal alkyne or alkene probes with
4-jodophenylalanine on the protein surface.””” However, the use 10% of DMSO as a co-solvent
was required and low conversions were observed using a Pd(OAc)2-3,3’,3”’-phosphanetriyltris
trisodium salt (TPPTS) catalyst system. Schultz reported the first example of Suzuki-Miyaura
reaction of expressed proteins with 4-boronophenylalanine incorporated via genetic code
expansion.?”> Although the ability to genetically encode such arylation handles greatly broadened
the scope of the reaction, the high temperature (70 °C) and low efficiency of the Pd-DBA catalyst
restricted the application of this method. These early examples demonstrated the viability of
palladium-mediated bioconjugation reactions but also highlighted the challenge of applying such

reactions to complex protein targets.
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Davis reported a greatly improved Suzuki-Miyaura bioconjugation using palladium acetate
in combination with the sodium salt of 2-amino-4,6-dihydroxypyrimidine (Figure 1.44, L3) as the
ligand (Figure 1.45). The aryl idodide was introduced into the protein through alkylation reaction
of a cysteine residue. Full conversion (> 95%) within 30 minutes was achieved at 37 °C in
phosphate buffer (pH 8.0) with a number of aryl, heteroaryl, and vinyl boronic acids.'”” However,
the use of a large excess of palladium (50 equiv) combined with the ability of proteins to ligate
metals resulted in poor mass spectrometry data for the conjugates. This problem was later solved
through surveying a number of potential metal scavengers for palladium removal, with 3-
mercaptopropionic acid identified as the best candidate.?’® The aryl idodide handle can also be

introduced through genetic encoding of L-4-iodophenylalaine, which set the stage for applying

206

this reaction to the labeling of proteins in living systems.

L3,*Pd(OAc),

a)-som), X

| phosphate buffer -
(pH 8.0)
37 °C, 30 min

Figure 1.45. Suzuki-Miyaura arylation of a cysteine mutant of subtilisin Bacillus lentus.

To this date, a number of ligands has been utilized to improve the palladium-mediated

Suzuki-Miyaura reactions for protein modification. Ligands including the N, N-dimethyl-2-amino-

)208,210 210
2

4,6-dihydroxypyrimidine (L4 simple guanidines (L5 and L.6),“™" polyethylene glycol (PEG)
(L7),2'9 and N-heterocyclic carbene (NHC) (L8)*!! were shown to promote the Suzuki-Miyaura
arylation in water. Unlike other ligands that assist the cross-coupling reaction, the PEG ligand is
unique as a self-ligating reagent for protein PEGylation. It is also worth noting that L.4 has been
shown by Lin to efficiently catalyze the copper-free Sonogashira reaction (Heck alkynylation)

between alkynes on a protein surface and aryl iodide probes.?*®

Combining the high efficiency and selectivity of the Suzuki-Miyaura and Sonogashira
reactions with genetic code expansion enabled their applications to labeling proteins in living
systems. In 2011, Lin applied the copper-free Sonogashira reaction to labeling of ubiquitin in £.

coli cells.?®® Around the same time, Davis showed that their Suzuki-Miyaura reactions could be
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used to couple a fluorescent boronic acid to the cell surface aryl iodides.*'* N-heterocyclic carbenes
(NHCs) were also shown by Ma to be viable catalysts for the labeling of membrane proteins
through Suzuki-Miyaura coupling with low catalyst loadings.?!’ An advance was made by Chen
who developed a “ligand-free” approach using Pd(NO3): to catalyze the arylation of alkyne-

containing proteins inside live bacterial cells.?"
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Figure 1.46. Isolated palladium complexes for the arylatibn of protein alkynes (A) and
alkenes (B).

Isolated palladium complexes have also been explored to arylate alkynes and alkenes on
proteins. Lin reported a series of N-phenylcarbamate palladacycles for conjugation to an alkyne
residue in ubiquitin (Figure 1.46A).2!*** The reaction rate of this conjugation is very rapid, with
the fastest having a rate constant of 19,770 M's". Mass spectrometry analysis of the trypsin
digestion of the labeled ubiquitin showed a modified peptide fragment with mass consistent with
a styrene product (Figure 1.46A). However, reactions of the palladacycles with a model peptide
produced complex reaction mixtures. This disparity between the results of ubiquitin labeling and
peptide modification suggests that more detailed studies on the reaction mechanism is required
before further applications of the reaction to other protein targets.

Heck-type reactions of proteins containing vinyl aryl groups have been reported (Figure
1.46B) by Myers.!”® They developed storable palladium complexes formed via decarboxylative
palladation of aryl carboxylic acids and showed their utility in bioconjugation of functionalized

lysozyme under mild conditions.
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1.5. Arylation of nucleic acids

Chemically modified oligonucleotides are widely used for applications including
biosensing,?'>?!° nanotechnology,?!” medicine,?'® and catalysis®'®. Oligonucleotides have fewer
monomeric building blocks compared to proteins. This simplifies the range of chemistry necessary
for bioconjugation. Traditional chemical methods have utilized either solid phase synthesis??’ or
enzyme-catalyzed reactions?*! to modify nucleic acid oligomers.

Recently, Suzuki-Miyaura coupling has emerged as a new strategy for post-synthetic
modification of nucleic acids.*® These methods use synthetically incorporated aryl halides as the
handle for site-selective conjugation of aryl boronic acids to both single- and double-stranded
DNAs. The required aryl halides were incorporated either through unnatural phosphoramidites

during solid-phase synthesis (Figure 1.47) or through direct coupling of aryl halides to nucleic
acids through amide bond formation (Figure 1.48).

1.5.1. Post-synthetic arylation of single-stranded DNA

Manderville first applied Suzuki-Miyaura cross-coupling to the modification of 2’-
deoxyguanosine (dG) in single-stranded oligodeoxynucleotides (Figure 1.47A).%*2 The aryl halide
conjugation handle was introduced into DNA using 8-Br-dG phosphoramidite. Using palladium
catalysis, a range of aryl boronic acids could be site-selectively coupled to the C-8 site of dG. The
dG-arylated product were utilized to study DNA damages caused by radical addition reactions at
C-8 site of dG.

A milder Suzuki-Miyaura arylation procedure was developed by Davis to modify 5-iodo-
2’-deoxyuridine (5-I-dU) in single-stranded DNA (ssDNA) (Figure 1.47B).'" The use of 2-
aminopyrimidine-type ligands enabled the Suzuki-Miyaura arylation at 37 °C and under buffered
aqueous conditions. Phenyl boronic acid and 3-furyl boronic pinacol ester were used to site-
selectively arylate the 2’-deoxyuridine in the ssDNA. Importantly, vinyl boronate esters were also
conjugated to the ssDNA under the developed reaction conditions, enabling several handles
include a benzophenone, a diazirine, a pyrene, a sugar, or an azobenzene to be appended. The
method was used to synthesize an ssDNA probe that contained biotin, diazirine, and 5-
hydroxylmethylcytosine (5-hmC). This probe was used to identify 5-hmC-binding proteins in the

HeLa cell lysate through photo-crosslinking, affinity enrichment, and mass spectrometry analysis.
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Figure 1.47. Post-synthetic arylation of single-stranded DNA (ssDNA).
8-bromoguanidine (A) and 5-iodouracil (B) were introduced into single-strand DNA (ssDNA)

through solid-phase DNA synthesis using designed phosphoramidites.
1.5.2. Post-synthetic arylation of double-stranded DNA

The Suzuki-Miyaura cross-coupling was also used to synthesize DNA-encoded small
molecule libraries. Ding and Clark installed aryl halides on dsDNA through coupling of aryl halide
carboxylic acids to the terminal amines in dsDNA (Figure 1.48A).>* These aryl halide handles
were further conjugated to aryl or heteroaryl boronic acids and esters using Pd(Phs)4 as the catalyst.
This catalyst system was applied to the synthesis of a 3.5-million-member DNA-encoded library
from which potent hits for phosphoinositide 3-kinase o (PI3Ko) was identified.”** Recently, they
reported a new catalyst system using [(+-Bu)2P(OH)2]PdCl> (POPd) as the palladium source and
sodium 2’-(dicyclohexylphosphino)-2,6-dimethoxy-[1,1’-biphenyl]-3-sulfonate (sSPhos) as the
ligand for on-DNA Suzuki-Miyaura coupling of challenging phenyl chlorides and pyrimidinyl
chlorides (Figure 1.48B).2? Increased conjugation yields were observed with this catalyst system

for various aryl and heteroaryl boronic acids and esters.
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Figure 1.48. Post-synthetic arylation of double-strand DNA (dsDNA).
Aryl or heteroaryl halides were installed on double-strand DNA (dsDNA) through either amide

bond formation (A) or SnAr reaction (B). The aryl halide-dsDNA conjugates were then arylated

using a Suzuki-Miyaura coupling reaction.
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1.6. Summary and Outlook

The emerging arylative bioconjugation reactions have begun to allow formation of
nucleophile-sp? carbon bonds in biomolecules. However, compared to the robust and diverse
arylation strategies available for the synthesis of small molecules, arylation chemistry for

bioconjugation is still in its infancy.

For the existing arylative bioconjugation reactions, further developments are needed to
improve their selectivity, reaction rate, and substrate scope. In particular, site-specific arylation

107 shows how

reactions are highly desirable to generate homogeneous bioconjugates. The n-clamp
the microenvironment within a small peptide sequence can promote site-selective chemistry. We
envision extending the same concept to other perfluoroaryl linkers and arylation chemistry beyond
perfluoroarylation. This will provide a set of small genetically encodable peptide tags for site-

specific protein labeling with different aryl modifications.

Arylation reactions are desired for natural amino acid residues other than lysine and
cysteine. Targeting other nitrogen and oxygen-based nucleophiles (e.g., residues of His, Ser, Thr,
and Tyr) is highly valuable for generating structurally diverse protein conjugates. Such
nucleophiles are, in most cases, much less reactive compared to the cysteine thiol group or the
lysine e-amine, which presents significant challenge for developing arylation chemistry targeting
these sites. A possible solution is to discover new ligands for copper- or palladium-catalyzed
arylation reactions that form C(sp?)-O bonds (for Ser, Thr, and Tyr) and C(sp?)-N(sp?) (for His)
bonds on proteins. Another strategy is to utilize protein environments and recognition elements to
promote otherwise difficult arylation chemistry. The viability of the second strategy has been

demonstrated in Ball’s method for arylation of amides in protein backbones.

One obvious difficulty in using transition metal-catalyzed or -mediated processes is the
removal of the potentially toxic metals at the end of the reaction. While a number of reagents and
resin-based techniques have been developed for small molecule applications, much less is known
about their application for the reactions of proteins. Developing catalytic reactions to reduce the

amount of metal used should aid the metal removal processes.

The highly selective nature of the developed arylation reactions should enable their

applications beyond protein and nucleic acid labeling. The modified boron clusters developed by
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Spokoyny highlighted the utility of selective arylation reactions for creating new types of
nanocomposites. We envision that arylation reactions can be applied to post-synthetic

modifications of nanoparticles, surfaces, and metal organic frameworks.?26-227

The biological benefits (or drawbacks) of aryl modifications remain to be fully explored.
Initial studies have shown that certain aryl linkages are chemically more stable than alkyl-based
conjugates.'>® However, it is still unclear how these affect the properties of biomolecules in a
cellular context. Systematic studies of the biological properties (e.g., stability, toxicity,
immunogenicity) of aryl modifications both ix vitro and in vivo will be key to providing guidelines

to select aryl linkages for biomolecule modification.
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Chapter 2. Glutathione S-Transferase-Catalysed Regioselective Cysteine
Arylation

The work presented in this chapter is a part of the following manuscripts and is reproduced here

with permission from John Wiley & Sons and the American Chemical Society.
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2.1. Introduction

Post-translational modifications of biomolecules represent nature’s versatile chemical
toolbox, allowing for precise and on-demand placement of various functional moieties in vivo.!
Synthetic chemists have strived to develop a similar reaction toolkit with chemical orthogonality,
selectivity and reactivity comparable to those of natural systems.??® Recently, “click” chemistry
has produced several powerful transformations applicable to a wide range of synthetic settings.*™
While the efficiency and chemical orthogonality of such “click™ processes are remarkable, regio-
control for these transformations has been limited and remains a major challenge.!? The difficulty
of selectively differentiating between two chemically identical sites within a macromolecule is
routinely surmounted in natural systems by recognition elements such as binding pockets, directing
groups and allosteric components. Although various enzymes have been engineered to catalyze
reactions for protein modification and engineering,''"!® they often require a long recognition
sequence in polypeptides, and their substrate scope is relatively restricted. In certain cases,
enzymes are capable of recognizing and carrying out efficient transformations on more than one
specific substrate, a phenomenon known as enzyme promiscuity. Promiscuous enzymes have been

previously engineered to catalyze several synthetically important organic transformations.!'®-2

Both natural and hybrid cyclic peptides represent an important class of molecules being
actively explored as potential therapeutics.?*%® These species are attractive because of their
enhanced binding affinity, exo- and endo-peptidase resistance, and in certain cases increased cell
penetration compared to their linear counterparts. Although enzymes catalyze versatile
transformations in nature, enzyme-catalyzed peptide macrocyclizations remain rare.?’8
Subtiligase was used to catalyze amide-bond formation between an N-terminal amine and a C-
terminal ester to generate a 31 residue cyclic peptide with 85% yield.?” Thioesterase was
successfully employed to cyclize linear peptides generated from the nonribosomal peptide
synthetase system.3®*! Sortase was used to catalyze the cyclization of peptides, glycopeptides, and

proteins.’?% With the sortase-catalyzed peptide cyclization method,’? a 67% yield of cyclic

peptide product was produced and the linear oligomer was the major side product.

Synthetic methods for modifying biomolecules provide opportunities for studying protein
structure-function relationships as well as creating proteins with new properties and

applications.?”* Cysteine (Cys) is often chosen for modification because of the unique reactivity
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45,46

of its thiol group as well as the low abundance of Cys residues in the majority of naturally

).47

occurring proteins (ca. 1.7%).”” Various chemical methods for Cys modification have been

developed, such as alkylation*?, oxidation*®, and desulfurization3%->.

Both cysteine-based reactions and other chemical macrocyclization methods have been
developed to cross-link two functional groups within a linear peptide substrate through head-to-
tail, head-to-side chain, tail-to-side chain, or side chain-to-side chain.’®° Cross-linking methods
include amide-bond or ester bond formation,®!%? thiol-based substitution with alkyl and benzyl

halide electrophiles (commonly referred to as “alkylation”),®*®7 oxidation at cysteine or

d,24’68 50,69-72 ;

selenocysteine residues to form dichalocogenide bon: native chemical ligation, intein-

mediated approaches,”>7* Staudinger ligation,”® transition metal-catalyzed coupling reactions,’®"’

78-81 82,83

cycloadditions, coordination-based approaches, as well as several non-covalent

strategies®*%>.

Recently, we developed a perfluoroaryl-cysteine SNAr chemistry approach to modifying
unprotected peptides (Figure 2.1A).887 In particular, two cysteine residues on an unprotected
polypeptide were cross-linked with bifunctional perfluoroaromatic reagents. This
macrocyclization strategy was versatile enabling the cross-linking of two cysteine moieties
positioned at all sites ranging from i, i+ to i, i+14 on a 14-residue unprotected peptide.?’ For
longer peptides, however, we found that entropic penalty becomes large enough to render
macrocyclizations inefficient. This fundamental limitation is therefore expected to be encountered
with any long and unstructured polypeptide irrespective of the cyclization chemistry used.
Moreover, while this perfluoroaryl-cysteine conjugation satisfies several requirements of “click”
chemistry,”#® the insolubility and low reactivity of the perfluoroaromatic reagents in aqueous

media restricts the general application of this process to a narrow range of biomolecules.

In our search to render this chemistry suitable for aqueous conditions we turned our
attention to glutathione S-transferase (GST).#°° Known as a class of promiscuous enzymes, GST
catalyzes conjugation reactions between the Cys residue of glutathione (GSH, y-Glu-Cys-Gly) and
various electrophiles, thus allowing the cell to detoxify xenobiotics in vivo (Figure 2.1B).3 We
reasoned that the substrate promiscuity of GST might be hijacked to catalyze the reaction between

perfluroaromatic reagents and GSH tag installed on a polypeptide. Such enzyme-catalyzed

105



reaction might provide enhanced reaction efficiency, allowing us to overcome the length

restrictions previously encountered in non-catalyzed SnAr macrocyclization reactions.
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Figure 2.1. Concept of GST-catalyzed cysteine arylation.

(A) Peptide “click” modification via perfluoroaryl-cysteine SnAr chemistry. (B) GST-catalyzed
SnAr reaction. GST catalyzes the conjugation of activated aromatic electrophiles to GSH cysteine
thiol. EWG: electron withdrawing group, LG: leaving group. (C) GST-catalyzed cysteine arylation.
GST catalyzes the conjugation of probes bearing 4-mercaptoperfluoro-biphenyl moiety (Cys-III)

to the N-terminal y-Glu-Cys-Gly sequence of a peptide or a protein. Amino acids are shown in

single-letter code. y-E stands for y-glutamyl.
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2.2. Results

Here we report a novel bioconjugation chemistry that combines a previously developed
perfluoroaryl-cysteine SnAr “click” reaction with GST enzyme catalysis (Figure 2.1C). The
promiscuous nature of GST facilitates the bioconjugation with polypeptides other than GSH in
aqueous media and provides previously unattainable chemo- and regioselective functionalization
of a single cysteine thiol in the presence of other unprotected cysteine residues and reactive
functional groups on the same polypeptide chain. This chemistry can be carried out over a broad
range of temperatures (4-60 °C) and is compatible with the addition of organic co-solvents (up to
20%). Furthermore, we applied this process to peptide macrocyclization where GST catalyzes the
selective SNAr reaction between an N-terminal glutathione (GSH, y-Glu-Cys-Gly) tag and a C-
terminal perfluoroaryl-modified cysteine on the same polypeptide chain. Cyclic peptides ranging
from 9 to 24 residues were quantitatively produced within 2 hours in aqueous buffer (pH 8.0) at
room temperature. The reaction was highly selective for cyclization at the GSH tag, enabling the
combination of GST-catalyzed ligation with native chemical ligation to generate a large 40-residue

peptide macrocycle.

2.2.1. GST-catalyzed arylation of glutathione with a L-pentafluorophenylalanine

electrophile

We hypothesized that the broad scope of electrophiles accepted by GST isozymes might
be sufficient for members of this enzyme family to mediate reactions between perfluoroaryl
electrophiles and peptides containing GSH in an aqueous environment. To achieve the broadest
electrophile scope, a mixture of GST isozymes was chosen for screening (see Experimental section
2.4.2). We first tested the GST-catalyzed conjugation of GSH to model peptides containing L-
pentafluorophenylalanine (residue I, Figure 2A). Reacting 1 with GSH at 37 °C in aqueous solution
at pH 8.0 with 2 mg/mL GST (ca. 5-10 mol% relative to 1) for two hours generated conjugated
product 2, as confirmed by LC-MS analysis (Figure 2.2), whereas no product was observed without
the enzyme. Nucleophilic residues in model peptide 1, such as Cys and Lys, were unreactive,
indicating that the Cys of GSH can be selectively modified with pentafluorophenyl-based

electrophiles under GST catalysis.
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Figure 2.2. GST-catalyzed conjugation of GSH to L-pentafluorophenylalanine residue.
Peptide sequence of 1: NH2-ITPCNLLF*YYGKKK-CONH2, F* stands for L-
pentafluorophenylalanine. Reaction conditions: 1 mM peptide 1, 1 mM GSH, 2 mg/mL GST, 20

mM tris(2-carboxylethyl)phosphine hydrochloride (TCEP-HCI), 0.1 M phosphate buffer, pH 8.0,

37 °C. Total ion current (TIC) traces are shown; mass spectra of LC peaks at highest intensity are

shown as an inset.
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Figure 2.3. GST cannot catalyze the conjugation of L-pentafluorophenylalanine residue to
GSH-tagged peptide.

Reactions of peptide 1 containing L-pentafluorophenylalanine residue (residue I) with peptide 5a
containing an N-terminal GSH (y-Glu-Cys-Gly) sequence. No product was observed with the
addition of GST. (A) Reaction conditions: 2 mM 1, 1 mM 5a, 2 mg/mL GST, 20 mM TCEP, 0.1
M phosphate, pH 8.0, 37 °C. (B) LC-MS analysis of crude reactions at 10 hours. Total ion current
(TIC) traces are shown. Bottom chromatogram represents a control experiment conducted without

an enzyme. The triangle labeled shoulder peak is unreactive impurity contaminant of 1.
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2.2.2. GST-catalyzed arylation of glutathione with perfluoroarylated cysteine

electrophiles

To examine the substrate scope of this reaction, we first tested whether the mixture of GST
isozymes could catalyze the conjugation of L-pentafluorophenylalanine residue to peptides
bearing N-terminal GSH (y-Glu-Cys-Gly). However, a hexapeptide containing N-terminal
glutathione sequence (y-Glu-Cys-Gly-Gly-Leu-Leu) did not show reactivity towards 1 (Figure
2.3). We then hypothesized that increasing the electrophilicity of the perfluoroaryl moiety might
improve the reactivity of the peptide-based substrate sufficiently to allow GST-mediated
conjugation with peptides containing N-terminal GSH sequence. Our previous study showed that
para-thioether substituent on the perfluoroaryl moiety can stabilize the negative charge of the SnAr
reaction intermediate thereby increasing the reaction rate.3¢ We evaluated the enzymatic reactivity
of peptides containing several para-thioether substituted electrophiles derived from cysteine.
Importantly, reactions with these peptides showed enhanced reaction rates as compared to peptide
containing L-pentafluorophenylalanine (residue I, Figure 2.2). Specifically, peptide containing
cysteine modified with perfluorophenyl residue (Cys-II) (Figure 2.4A and Figure 2.4C, 3a; see
Experimental section 2.4.8 for synthesis) reacted with GSH in the presence of GST at a
significantly higher rate as compared to 1, yielding 93% of GSH-conjugated product in less than
four hours. Reactions with peptides containing Cys moiety functionalized with perfluorobiphenyl
species (Cys-IIT) (Figure 2.4A, 3b) and perfluorobiphenyl sulfide (Cys-1V) (Figure 2.4A, 3c)

proceeded with quantitative conversions in less than 30 minutes (Figure 2.4C).
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Figure 2.4. GST-catalyzed arylation of GSH with perfluoroarylated cysteine electrophiles.

(A) GST-catalyzed conjugation of GSH with peptides containing perfluoroaromatic electrophilic
residues. peptide sequences of 3a-c: HaN-VTLPSTC*GAS-CONHa, C* refers to the modified
cysteine. Reaction conditions: 1 mM 1 or 3a-¢, | mM GSH, 2 mg/mL GST, 20 mM fris(2-
carboxylethyl)phosphine hydrochloride (TCEP-HCI), 0.1 M phosphate buffer, pH 8.0, 37 °C. (B)
LC-MS analysis of crude reaction with peptide containing Cys-III residue after 30 minutes. (C)
Rates of formation of GSH-conjugated product with different electrophiles (see Figure 2.5 for
complete LC-MS analysis). Yields were determined by LC-MS analysis (see Experimental section

2.4.6 for the method for calculating yields).
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Figure 2.5. LC-MS analysis of GST-catalyzed arylation of GSH with perfluoroarylated

cysteine electrophiles.
LC traces of GST-catalyzed conjugation of GSH to peptides 3a-c acquired at multiple timepoints
during the reaction. Reaction conditions are described in Figure 2.4. Total ion current (TIC) traces

are shown; mass spectra of TIC peaks at highest intensity are shown as an inset.
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2.2.3. GST-catalyzed arylation of GSH-tagged peptides

Using more reactive electrophiles, we conducted studies beyond the GSH substrate. We
focused on ligations between peptides containing Cys-III residue and hexamer peptides with an
N-terminal y-Glu-Cys-Gly. Our study commenced with the synthesis of glycyl-modified GSH-
based peptides, where the first amino acid directly after GSH was varied (Figure 2.6, 5a-e). All
reactions proceeded quantitatively within two hours (Figure 2.6, entries 1-5), and reaction with S5a
showed high conversion within 30 minutes (Figure 2.6, entry 1). Decreased reaction rates with Sb
and Se as compared to Sa were observed, suggesting this site may be important for interacting with
GST. Changing the second amino acid in the sequence linked to the Gly site to a less bulky residue
(Figure 2.7) had no effect on the conjugation rate. Nucleophilic residues (His and Lys, Figure 2.6,
entries 3 and 4) are compatible with the reaction. Surprisingly, the reaction with S¢ produced 98%

conversion within 30 minutes, suggesting that His residue may favor the reaction.

While the residue C-terminal to GSH can affect the relative rates of the GST-catalyzed
reaction, the observed product yield for reactions with Cys-III has thus far been independent of
the peptide sequence employed, further suggesting that the electrophilicity of the perfluoroaryl
substituents can dominate the GST-catalyzed SnAr reaction with modified GSH (vide supra).
These results show the promiscuity associated with GST is adequate to catalyze the selective
bioconjugation of two unprotected polypeptide fragments and is unique, as it demonstrates the

possibility of enhancing a click reaction via enzymatic catalysis.”!
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Figure 2.6. GST-catalyzed arylation of GSH-tagged peptides with a perfluoroarylated
cysteine electrophile.

Conjugation of peptide 3b containing Cys-1II residue (H2N-VTLPSTC*GAS-CONH2, C* refers
to the modified cysteine) to peptides with N-terminal GSH (y-Glu-Cys-Gly) sequence featuring
varied neighboring amino acid residues under GST-catalysis. Yields were determined by LC-MS
analysis at A=280 nm after 30 minutes (see Experimental section 2.4.6 for the method for yield
calculation). Reaction conditions: 2 mM 3b, 1 mM 5a-e, 2 mg/mL GST, 20 mM TCEP-HCI, 0.1
M phosphate, pH 8.0, 37 °C. [*] Yields for reactions at 120 minutes.
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Figure 2.7. LC-MS analysis of GST-catalyzed arylation of GSH-tagged peptides with a

perfluoroarylated cysteine electrophile.

Reactions of peptide 3b with peptides containing N-terminal y-Glu-Cys-Gly sequence under GST

catalysis. Reaction conditions are described in Figure 3. Panels (A)-(F) show the LC-MS analysis

of each crude reaction with 5a-f at 30 minutes (center chrotogram) and 120 minutes (top

chromatogram). Bottom chromatogram in each panel represents a control experiment conducted

without enzyme at 120 minutes. Total ion current (TIC) traces are shown; mass spectra of TIC

peaks at highest intensity are shown as an inset.

115



2.2.4. GST-catalyzed selective arylation of GSH in the presence of competing

nucleophiles

This reaction is highly selective for arylation of Cys thiols, as evidenced by the competition
experiment with a large excess of exogenous thiol (4-mercaptophenylacetic acid - MPAA, 100-
fold, Figure 2.8). No MPAA-arylated product was generated, while the GST-catalyzed product
was exclusively produced. In addition, reacting peptide 3b with another peptide 5j containing C-
terminal hydrazide moiety and N-terminal y-Glu-Cys-Gly sequence gave solely S-arylated product

6j, which could be further modified by hydrazone ligation (Figure 2.9).”

HoN" NN\ CONH,

S
F @ i F F *
e @ F
Cysdll F GST
GSH | [GST] 3b

-F°|37°C
100 mM MPAA +

z

enzyme(+)

HszCONHz HNNANACONH,

4b Ns /\SI}‘LJ?: £y oon

FOAF
A
Fo N F enzyme(-)
F @ F T v T v T v T v T v T
& o £ o 1 3 5 7 9 11
HOWN’L(N‘)LOH time[min]
NH, H O

Figure 2.8. GST-catalyzed arylation of GSH with a perfluoroarylated cysteine electrophile
in the presence of a competing thiol species.

GST-catalyzed conjugation of GSH to peptide 3b in the presence of competing 4-
mercaptophenylacetic acid (MPAA). Reaction conditions: 1 mM 3b, 1 mM GSH, 100 mM MPAA,
2 mg/mL GST, 20 mM TCEP, 0.1 M phosphate, pH 8.0, 37 °C, 30min. Total ion current (TIC)
traces are shown. While in non-enzymatic reaction MPAA could be arylated, in GST-catalyzed

reaction, the GSH-arylated product was exclusively generated.

116



HZNNW\CONHQ HZNA,Y\ACONHZ HZNNW'CONHz

i

3b ~ F ~ ~
° i) Fr FLF FAF
F O F (1) O (2) @
+ FE F GST |_f ':: 6j benzaldehyde FF FF ok
F 37°C, 30min O [aniline] @

SH _Fe F F pH 7.0, 2h F F
HN-BOOCR)IF)-CONHNH, - . N\NH:
5§ HN-EHOMHNCXAXLIF)-CONHNH,  HoN <

" 6k
3b 8
t } GST |esT
5 i o '
obs. 1936.820.1 obs. 2024.820.1
= calc. 1936.8 calc. 2024.8 6‘_
? l 3b | hydrazone
H enzyme(-) === i enzyme(+) oo ligation
1 3 §5 71 9 M 1 3 5 7 9 M i3 s 7 9 1
time[min] time[min] time[min]

Figure 2.9. GST-catalyzed arylation of GSH-tagged peptide with a perfluoroarylated
cysteine electrophile in the presence of a competing hydrazide species.

GST-catalyzed conjugation between peptide hydrazide 5j and peptide 3b. The peptide hydrazide
was further functionalized by aniline-catalyzed hydrazone ligation with benzaldehyde to give
peptide 6k. Reaction conditions: (1) 1 mM 3b, 1 mM 5j, 2 mg/mL GST, 20 mM TCEP, 0.1 M
phosphate, pH 8.0, 37 °C, 30 min. (2) 2 mM benzaldehyde dissolved in 0.1 M phosphate (pH 7.0)
and 200 mM aniline dissolved in 0.1 M phosphate (pH 7.0) were added in situ to the crude reaction
mixture resulting from (1). The final reaction conditions were: 100 M 6j, 400 pM benzaldehyde,
100 mM aniline, 0.1 M phosphate, pH 7.0, 2 hours. Total ion current (TIC) traces are shown. Left

chromatogram represents a control reaction (1) conducted without enzyme.
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2.2.5. GST-catalyzed regioselective arylation for protecting group-free dual cysteine

modification

The unique chemo- and regioselectivity of the GST-catalyzed arylation reaction could be
exploited to label one Cys residue in the presence of another on a fully unprotected peptide or
protein. We first labeled the N-terminal GSH Cys with biotin and subsequently modified a separate
Cys with a fluorophore maleimide. This provides the first example of orthogonal site-specific
labeling of two unprotected Cys residues within the same unprotected peptide or protein. Biotin
probe containing Cys-III moiety (Figure 2.10, 11, see Experimental section 2.4.8 for synthesis)
was conjugated to the Cys position of N-terminal y-Glu-Cys-Gly fragment in protein 7 (see
Experimental section 2.4.8 for synthesis). The enzymatic reaction produced the mono-labeled
product 8, and the other cysteine was labeled with fluorescein-5-maleimide 10, thereby producing
the site-specific dual-labeled protein species 9 (Figure 2.10). Using similar protocol, the biotin and
fluorescein probes were regiospecifically attached to peptide 14 to produce the dual labeled species
16 (Figure 2.11). The authentic sample was prepared using conventional protecting-group
chemistry to confirm the identity of mono-labeled peptide species 15 (Figure 2.12). Importantly,
regiospecific and orthogonal modification of two chemically identical Cys sites was enabled by
GST selective recognition of the N-terminal GSH moiety. This result indicates that the GST-
catalyzed arylation could greatly expand the scope of previous cysteine modification methods,
which necessitate the use of protecting groups or multiple steps to differentially functionalize two

or more cysteine residues.”**
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Figure 2.10. GST-catalyzed regioselective cysteine modification enables protecting group-
free dual modifiaction of a protein.
Sequential labeling of protein 7 containing two Cys residues with biotin and fluorescein probes.
Crystal structure shown is the N-terminal domain of anthrax toxin lethal factor 1-263, PDB ID:
1J7N. Reaction conditions: (1) 0.5 mM 11, 26 uM 7, 2 mg/mL GST, 20 mM TCEP, 0.1 M
phosphate, pH 8.0, 37 °C, 2 hours; (2) 13 uM 8, 100 uM 10, 0.1 M phosphate, pH 6.0, room

temperature, 10 minutes.
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Figure 2.11. GST-catalyzed regioselective cysteine modification enables protecting group-
free dual modifiaction of a model peptide.

Sequential labeling of biotin and fluorescein probes to peptide 14 containing two cysteines. Peptide
sequence: H2N-y-ECGPTAAKESCLL-CONH2. Reaction conditions: (1) 0.5 mM 14, 1 mM 11,
2 mg/mL GST, 20 mM TCEP, 0.1 M phosphate, pH 8.0, 37 °C, 40 minutes; (2) 0.5 mM 15, I mM
10, 0.1M phosphate, pH 6.0, 10 minutes. Total ion current (TIC) traces are shown; mass spectra

of LC peaks at highest intensity are shown as an inset.
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Figure 2.12. Confirming the regioselectivity of GST-catalyzed arylation through
preparation of a authentic product using a protecting group-based approach.
GST-catalyzed arylation product and authentic product had same retention time at 6.85 minutes.
Reaction conditions: (1) same as those described in Figure 2.11; (2) 1 mM 14a, 1 mM 11, 10 mM
Tris base, DMF, room temperature, 30 minutes; (3) Equal volume of 1 M phosphate, 200 mM
TCEP, pH 8.0 was added to the crude reaction mixture from (2), and the resulting reaction mixture
was left at room temperature for 10 minutes before subjected to LCMS analysis. Total ion current

(TIC) traces are shown; mass spectra of TIC peaks at highest intensity are shown as an inset.
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2.2.6. GST-catalyzed peptide macrocyclization with different linkers

We next investigated using the developed GST-catalyzed reaction for macrocyclization of
unprotected peptides. Cyclic peptides constitute a very important class of medicinally relevant
macrocycles.” Although various methods have been previously developed,®® synthesis of
macrocyclic peptide fragments remains challenging. We reasoned that a peptide containing an N-
terminal GSH tag and a C-terminal perfluoroarylated cysteine should be readily cyclized under
GST catalysis (Figure 2.13A). The perfluorinated moiety used in this example can potentially

enhance the cell-permeability of cyclic peptides as shown previously.

The linear substrates employed in our studies were readily prepared in two steps (Figure
2.13B). Peptides with an N-terminal disulfide protected GSH tag and a C-terminal free cysteine
were synthesized by rapid flow-based Fmoc-SPPS®*"7 followed by C-terminal cysteine S-arylation
with perfluoroaromatic reagents (see Experimental section 2.4.8 for synthesis). The linear
substrates were purified by RP-HPLC and then silbjected to macrocyclization.
Tris(carboxylethyl)phosphine hydrochloride (TCEP*HCI) was added to the reaction buffer in situ
to deprotect the disulfide bond and generate a free cysteine in the GSH tag for GST-catalyzed

macrocyclization.
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Figure 2.13. GST-catalyzed macrocyclization of unprotected peptides.

(A) The macrocyclic peptide is generated by GST-catalyzed SnAr reaction between the cysteine
thiol of an N-terminal glutathione (y-Glu-Cys-Gly) tag and a perfluorayl moiety linked to the C-
terminal cysteine. Circles represent amino acids. (B) Synthesis of perfluoroaryl-linked peptides
for GST-catalyzed macrocyclization. Circles represent amino acids; PG: protecting group; SPPS:

solid-phase peptide synthesis.
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We commenced our study by searching for the best perfluoroaromatic linker for the GST-
catalyzed cyclization reaction (Figure 2.14). We prepared model peptides 21a-21¢ with C-terminal
cysteines S-arylated with decafluorobiphenyl, hexafluorobenzene, and pentafluorophenyl sulfide,
respectively (see Experimental section 2.4.8 for synthesis). Upon incubating 0.1 mM solution of
peptide 21a (Figure 2.14B, top chromatogram) in the presence of 10 mol% of GST (0.2 mg/mL)
in pH 8.0 phosphate buffer with 20 mM TCEP, cyclic product Cyc-21a was produced in
quantitative yield within 5 minutes at room temperature as shown by LC-MS analysis of the crude
reaction mixture. We did not observe oligomeric side products (Figure 2.14B, bottom
chromatogram). Importantly, the control reaction without added enzyme contained mostly
unreacted linear peptide 21a’ with only trace amount of cyclized product (Figure 2.14B, middle
chromatogram). Compared with peptide 21a, peptides 21b and 21¢ showed significantly lower
enzyme mediated cyclization yields under the same reaction conditions (Figure 2.14A). At
extended reaction time, only 45% and 57% of cyclized products were observed for peptide 21b

and 21c respectively (Figure 2.15 to Figure 2.18).

The highest cyclization rate under GST-catalysis was achieved with peptide 21a as
determined by LC-MS time course studies (Figure 2.15 and Figure 2.16). The cyclization rate of
peptide 21a under enzyme-catalysis was ~900-fold faster than without enzyme (Figure 2.27). This
high cyclization efficiency under enzyme catalysis permitted macrocyclization at increased
concentrations of linear peptide: unlike other enzyme-catalyzed macrocyclization methods where
increasing the concentrations of linear substrates can lead to the formation of oligomeric side
products via competing intermolecular reaction pathways.*> We found that increasing the
concentration of peptide 21a to 10 mM with only 0.1 mol% of GST still produced the cyclized
product quantitatively within 3 hours (Figure 2.19); no oligomeric byproducts were observed. The
unique preference and high efficiency of peptide 21a for GST-catalyzed cyclization indicates the

perfluorobiphenyl moiety is highly suited for this chemistry.
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Figure 2.14. Macrocyclization of peptides with different perfluoroaromatic linkers.

Reaction conditions: 0.1 mM peptide 21a-21¢, 0.2 mg/mL GST, 20 mM TCEP, 0.1 M phosphate,

pH 8.0, room temperature (25 °C), 5 minutes. (A) Reaction yields with different linkers with or

without the addition of GST. (B) LC-MS analysis of crude reaction mixtures with peptide 21a.

Amino acids are shown in one-letter code. y-E: y-glutamic acid. LC-MS data shown are total ion

currents (TIC); mass spectrums at the highest points of the TIC peaks were shown as insets.
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Figure 2.15. Kinetic profiles of macrocyclization of peptides with different
perfluoroaromatic linkers.

Yields were calculated from LC-MS analysis of the crude reaction mixture at different time points.
All reactions with enzyme showed higher reaction rate than reactions without enzyme. Peptide 21a
showed highest reaction rate under GST catalysis. Reaction conditions are same as those describe

in Figure 2.14. LC-MS chromatograms are summarized in Figure 2.16 to Figure 2.18.
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Figure 2.16. Macrocyclization of peptide 21a with and without GST analyzed by LC-MS at

different time points.

Reaction conditions are described in Figure 2.14.
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Figure 2.17. Macrocyclization of peptide 21b with and without GST analyzed by LC-MS at

different time points.

Reaction conditions are described in Figure 2.14.
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Figure 2.18. Macrocyclization of peptide 21¢ with and without GST analyzed by LC-MS at

different time points.

Reaction conditions are described in Figure 2.14.
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Figure 2.19. Macrocyclization of peptide 21a at increased concentrations.

Concentration of GST was kept constant at 0.2 mg/mL; LC-MS analysis of reaction where
concentrations of substrate 21a is 0.1 mM (top chromatogram), 1 mM (middle chromatogram),
and 10 mM (bottom chromatogram). Reactions were performed in 0.1 mM phosphate buffer with
20 mM TCEP*HCI, pH 8.0 at room temperature.
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2.2.7. GST-catalyzed peptide macrocyclization with different peptide lengths

To probe macrocyclization of peptides with increasing lengths, we prepared peptides
22a—24a with variable number (2 to 4) of repeating GLKAG pentapeptide sequences positioned
between the GSH tag and the perfluoroaryl-linked C-terminal cysteine (see Experimental Section
2.4.8 for synthesis). Although decreased cyclization rates were observed as the peptide lengths
increased (Figure 2.21), cyclization of these three peptides under similar reaction conditions as
those described in Figure 2.14 yielded cyclized products Cyc-22a — Cyc-24a nearly quantitatively
within 2 hours (Figure 2.20). Only 5% of cyclic products were observed for reactions without GST
present (Figure 2.20A and Figure 2.22 to Figure 2.24).

To compare the GST-catalyzed macrocyclization in water with the uncatalyzed
macrocyclization in organic solvent side-by-side, we prepared and purified peptides 22a’ — 24a’
by reducing the disulfide moiety in peptides 22a — 24a and purified them by RP-HPLC (Figure
2.25). Adding DMF with Tris base to peptides 22a’ —24a’ initiated their intramolecular cyclization
reaction and produced cyclized products Cyc-22a — Cyc-24a. The highest reaction yield was
observed for the shortest peptide 22a’ with 39% of cyclized product generated within 2 hours as
measured by LC-MS analysis of the crude reaction mixture (Figure 2.25B). Significant amounts
of oligo- and polymeric side products were observed for the macrocyclizations of longer peptides
232’ and 24a’; desired cyclic products were minor products identified in the LC-MS

chromatograms (Figure 2.25D and F).

To further compare the GST-catalyze cyclization with our previously reported cross-
linking chemistry,'” we synthesized peptides 2b — 4b with free cysteines at both the GSH tag and
the C-terminus. Peptides 2b — 4b could be cyclized by the reaction with decafluorobiphenyl to
produce Cyc-2a — Cyc-4a. Similar to peptide 2a’ — 4a’, we observed decreased cyclization yields
as the peptide lengths increased. 37% of desired product was formed with the shortest peptide 2b
but no detectable cyclic product resulted with longer peptides 3b and 4b (Figure 2.26 and Figure
2.27). We previously found reducing the concentration of linear substrate could improve the
reaction yield of the cyclization reaction for small model peptides in DMF, however, cyclization
of 23b and 24b at diluted conditions still resulted in mixtures of by-products (Figure 2.26F and
Figure 2.261).
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Figure 2.20. Macrocyclization of peptides with increasing lengths.

Reaction conditions: 0.1 mM peptide 22a —24a, 0.2 mg/mL GST, 20 mM TCEP, 0.1 M phosphate,
pH 8.0, room temperature (25 °C), 2 hours. (A) Yields of cyclization reactions with and without
the addition of GST (C(S-fBu): fert-butylthio protected cysteine; C*: perfluoroaryl-modified
cysteine). The two cysteines that were crosslinked together are highlighted in red. (B) LC-MS
analysis of reactions of peptide 22a to 24a with the addition of GST. LC-MS data shown are total

ion currents (TIC); mass spectrums at the highest points of the TIC peaks are shown as insets.

132



increasing the size of macrocycle : :
4 with or without enzyme !la
CONH
HoN w . e— 2 TCEP HoN . " G»CONH2

£ : :
< : = s e phosgrlllagef r;:ui‘fer ~g 5
FOEE R

tBu” FFE F room temperature
different time point

21ato 24a Cyc-21a to Cyc-24a
Reactions with enzyme Reactions without enzyme
100 - - 100 1
= Cyc-21a
80 - 80 - = Cyc-22a
= Cyc-23a
—_ = = Cyc-24a
€ 60 € 601 — FitofCyc-21a
o . Cye-21 5] ——Fitof Cyc-22a
T . cyc_z;‘ o —Fitof Cyc-23a
= v Gt =~ A — Fitof Cyc-24a
v Cyc-24a
20 - ——Fitof Cyc-21a 20 .
——Fitof Cyc-22a -
——Fitof Cyc-23a .l /:/EL__'
0+ ——Fitof Cyc-24a 0 ¥ .
0 20 40 60 8 100 120 140 0 20 40 60 80 100 120 140
time (min) time (min)
Peptide Kenzyme(+ )Imin'1 Kenzyme(-) Jmin-1 Kenzyme(+)/Kenzyme(-)
Cyc-21a 1.54 0.0017 906
Cyc-22a 0:13 0.00061 213
Cyc-23a 0.067 0.0009 74
Cyc-24a 0.036 0.00074 49

Figure 2.21. Kinetic profiles for macrocyclization of peptides with increasing lengths.

Kinetic profiles for macrocyclization of peptides 22a-24a. Yields are obtained from LC-MS
analysis of the crude reaction mixture at different time points. Using Origin software, apparent
first-order rate constants of reactions are obtained by fitting the data with first-order kinetics using
function: yield = 1—e™®! where K is the apparent rate constant (min™!) and t is the time (min).
Reaction conditions are same as those describe in Figure 2.20. LC-MS chromatograms are

summarized in Figure 2.22 to Figure 2.24.
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Figure 2.22. LC-MS analysis of macrocyclization of peptide 22a.

Reaction conditions are described in Figure 2.20.
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Figure 2.23. LC-MS analysis of macrocyclization of peptide 23a.

Reaction conditions are described in Figure 2.20.
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Figure 2.24. LC-MS analysis of macrocyclization of peptide 24a.

Reaction conditions are described in Figure 2.20.
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Figure 2.25. Macrocyclization of pre-arylated peptides in organic solvent without enzyme.

Macrocyclization of peptide 22a’ to 24a’ in DMF. Shown are two series of chromatograms, each
series consist of TIC chromatograms for LC-MS analysis of the pure substrate peptide and crude
reaction mixture. Chromatograms A and B are for peptide 22a; C and D are for peptide 23a; E and
F are for peptide 24a. Reaction conditions: 0.1 mM peptide 22a to 24a, 20 mM

tris(hydroxymethyl)aminomethane, DMF, 2 hours at room temperature.
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Figure 2.26. Macrocyclization of peptides with two free cysteines using perfluoroaryl

linkers in organic solvent.

Macrocyclization of peptide 22b—24b with decafluorobiphenyl in DMF. Shown are three series of

chromatograms, each series consists of TIC chromatograms for LC-MS analysis of the pure

substrate peptide, crude reaction mixture under concentrated condition, and crude reaction mixture

under diluted condition. Chromatograms A, B, and C correspond to reaction with 22b; D, E, and

F - 23b; G, H, and I - 24b. Concentrated conditions: 2 mM substrate peptide, 2.5 mM

decafluorobiphenyl, 20 mM tris(hydroxymethyl)aminomethane, 2 hours at room temperature.

Diluted conditions: 0.1 mM substrate peptide, 0.125 mM decafluorobiphenyl, 10 mM

tris(hydroxymethyl)aminomethane, 2 hours at room temperature.
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Figure 2.27. Summary of control macrocyclization reactions in organic solvent.
All reactions showed low yields compared to the corresponding enzyme-catalyzed reactions. For

long peptides (23a’, 24a’, 23b, 24b), almost no desired cyclization product was observed.
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In contrast to the GST-catalyzed cyclization where increasing the peptide length had no
effects on the cyclization yield; all cyclization reactions in DMF showed significantly diminished
yields as the peptide lengths increased (Figure 2.27). The significantly lowered reaction
efficiencies and yields for macrocyclization in DMF compared to macrocyclization under GST
catalysis in water highlight the effectiveness of the GST-catalyzed macrocyclization process which

compensates the entropic penalty derived from the increased size of the peptide substrate.
2.2.8. GST-catalyzed macrocyclization of a fourty-mer unprotected peptide

The previous regioselective arylation studies (Figure 2.10 and Figure 2.11) have shown
that the GST-catalyzed perfluoroarylation reaction was highly selective toward the cysteine
residue within the GSH moiety. The desired GSH S-arylated product could be selectively and
quantitatively formed in the presence of another cysteine in the same polypeptide chain. We
reasoned this highly selective nature of the GST-catalyzed reaction could permit the combination
of GST-catalyzed ligation with native chemical ligation (NCL)***® to generate large cyclic
peptides from linear substrate synthesized by NCL reaction (Figure 2.28). GST selectively
recognizes the GSH tag and only catalyzes the arylation reaction at the GSH thiol in the presence
of the free cysteine generated from NCL reaction, thus allowing NCL product to be cyclized by
GST-catalyzed ligation (Figure 2.28).

We synthesized and purified a large 40-residue linear peptide 27 obtained from the
hydrazide-based NCL reaction®® (see Experimental section 2.4.11 for synthesis). Cyclization of
peptide 27 under GST-catalysis produced desired cyclized product Cyc-27 with 70% yield as
measured by LC-MS analysis of the crude reaction mixture. Trypsin digestion and MS/MS
analysis confirmed that the cysteine at the NCL ligation site remained unmodifed after the GST-
catalyzed cyclization reaction (Figure 2.30). Reaction without enzyme showed only trace amount
of product formation and no regio-selectivity (Figure 2.31). In addition, we further showed that
the native chemical ligation and GST-catalyzed ligation could be done in one-pot with the desired
macrocyclic peptide as the major product (Figure 2.29). In most cases, the macrocyclic product
ring size is restricted to lengths of peptides that can be accessed from SPPS and the efficiency of
the cyclization reactions. In our method, combining GST-catalyzed ligation and native chemical

ligation offers method to overcome these challenges for the synthesis of large macrocyclic peptides.
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Figure 2.28. Macrocyclization of a 40-residues peptide prepared from native chemical
ligation.

Reaction conditions: 0.1 mM peptide 27, 0.2 mg/mL GST, 0.2 M phosphate, 20 mM TCEP*HCI,
pH 8.0, room temperature, 2 hours. LC-MS data shown are total ion currents of starting material
(top chromatogram) and crude reaction mixture (bottom chromatogram); mass spectrums at the

highest points of the TIC peaks are shown as insets.
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Figure 2.29. One-pot dual-ligation combining NCL and GST-catalyzed ligation for the
synthesis of a large macrocyclic peptide.

LC-MS analysis of crude thioester 25a from oxidation of peptide hydrazide 25 (top chromatogram),
purified peptide 26a (middle chromatogram), and crude dual-ligation reaction mixture (bottom
chromatogram). Reaction conditions for one-pot dual ligation: 1 mM peptide 25a, 1 mM peptide

26a, 1 mg/mL GST-M5, 0.2 M phosphate, 20 mM TCEP<HCI, pH 8.0.
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Figure 2.30. Trypsin digestion and MS/MS analysis of Cyc-27.

Results show that GST regio-selectively catalyzed the cyclization at the GSH cysteine, and the
central cysteine remained unmodified after GST-catalyzed cyclization reaction. (A) LC-MS
analysis of the crude GST-catalyzed ligation product before trypsin digestion (top chromatogram)
and after trypsin digestion (bottom chromatogram). Reaction conditions for cyclization reaction
were same as those described in Figure 2.28. For trypsin digestion, 20 pL of the crude cyclization
product was mixed with 20 pL of trypsin stock (100 pg/mL) and 1 pL of 1.5 M NH4HCO3. The
mixture was incubated at 37 °C for 3 hours and was then subjected to LC-MS/MS analysis. The
major product after trypsin digestion was identified as fragment (S14-K30), its mass spectrum is
shown as the inset in the bottom chromatogram. Cross-linked cysteines are labeled as C* and
highlighted in red; arrows indicate the sites of trypsin digestion; sequence of the digested product
fragment (S14-K30) is highlighted in blue. (B) MS/MS analysis of fragment (S14-K30), masses
and sequences of identified ion species are listed in the table. MS/MS result confirmed that the

central cysteine C22 was not modified.
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Figure 2.31. Cyclization of peptide 27 without GST catalyst.

Reaction conditions: 0.1 mM peptide 27, 0.2 M phosphate, 20 mM TCEP*HCI, pH 8.0, room
temperature, 2 hours. The reaction lacks regioselectivity producing two isomers Cyc-27 and Cys-
27’ with arylation at both GSH cysteine and the NCL linkage cysteine, respectively. Peak
corresponding to Cye-27 was assigned based on retention time identity of the product obtained in

the GST-catalyzed cyclization reaction shown in Figure 2.28.
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2.2.9. Robustness and enzyme-tag scope of GST-catalyzed arylation

This GST mediated transformation is not limited to specific temperatures, solvent
conditions and peptides featuring y-Glu-Cys-Gly sequence. For example, the reaction between 3b
and GSH under GST catalysis produces the desired arylated product 4b at temperatures ranging
from 4 to 60 °C (Figure 2.32), as well as in the presence of up to 20% organic co-solvent (Figure

2.32).

GST isozyme mixtures from multiple sources showed catalytic activity for the arylation
reaction. Different GSTs were used to catalyze the conjugation of peptide 3b with peptide Sa
(Figure 2.34A). GST from equine liver and GST from human placenta showed similar activity:
peptide 5a was converted nearly quantitatively to product 6a within 30min under the catalysis of
these two isozyme mixtures. However, GST from Schistosoma Japonicum showed no significant
activity. We also found the activity of GST from Schistosoma Japonicum for conjugation of GSH
to peptide 3b (Figure 2.34B) was significantly lower than that of GST from equine liver. Expressed
and purified GST-MS5 was found to efficiently catalyze the arylation reaction and was used as

catalyst for peptide macrocyclization reactions.

Additionally, GSH analogues with the mutation of y-Glu to a genetically encodable Glu or
Asp (Glu-Cys-Gly or Asp-Cys-Gly) undergo facile S-arylation with peptide 3b under the
developed GST-catalyzed conditions (Figure 2.35A). Finally, our experiments show that N-
terminal Glu-Cys-Gly or Asp-Cys-Gly sequences in peptides (Figure 2.35A, peptides 5g and Sh)
can also be selectively S-arylated with peptide 3b though with lower efficiency as compared to
peptides with N-terminal y-Glu-Cys-Gly moiety (Figure 2.6, Sa). These results are consistent with
previous findings that certain GST isozymes are capable of catalyzing the SNAr reaction between
1,4-dinitrochlorobenzene and glutathione analogues.”®"!% Together, our observation suggests that
the requirement for an N-terminal y-glutamic acid residue could be eliminated with engineered

GST.
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Figure 2.32. GST-catalyzed conjugation of GSH to peptide containing Cys-III residue with
mixed solvent at variable conditions and temperatures.

Reaction conditions were the same as those in Figure 2.4 except for solvents (Left panel,
percentages shown as volume ratio) and temperatures (right panel). See Figure 2.33 for complete

LCMS analysis. DMF: dimethylformamide, DMSO: dimethylsulfoxide, i-PrOH: isopropanol.
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Figure 2.33. LC-MS analysis of GST-catalyzed arylation reactions at different temperature

and solvent conditions.

Reaction conditions are described in Figure 2.32. Total ion current (TIC) traces are shown; mass

spectra of TIC peaks at highest intensity are shown as an inset.
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Figure 2.34. Comparison of the activities of various GSTs.

(A) Reaction conditions: 2 mM 3b, 1 mM 5a, 2 mg/mL GST, 20 mM TCEP, 0.1 M phosphate, pH
8.0, 37 °C. Crude reactions at 30 minutes were subjected to LCMS analysis. (B) Reaction
conditions: 1 mM 3b, 1 mM GSH, 2 mg/mL GST, 20 mM TCEP, 0.1 M phosphate, pH 8.0, 37 °C.
Crude reactions at 30 minutes were subjected to LCMS analysis. Total ion current (TIC) LC traces

are shown.
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Figure 2.35. GST-catalyzed arylation of genetically encodable analoges of GSH-tag.

(A) Reaction conditions: 1 mM 3b, 10 mM 5k or 5L 2 mg/mL GST, 20 mM TCEP, 0.1 M
phosphate, pH 9.0, 25 °C. Tri-peptide Glu-Cys-Gly and Asp-Cys-Gly were synthesized by standard
Fmoc-SPPS using 2-chlorotrityl resin from Anaspec (Fermont, CA). (B) GST-catalyzed cysteine
arylation of N-terminal Glu-Cys-Gly and Asp-Cys-Gly sequences in model peptides. Reaction
conditions: 1 mM 3b, 10 mM 5g or 5h, 2 mg/mL GST, 20 mM TCEP, 0.1 M phosphate, pH 9.0,
25 °C, 9.5 hours. Total ion current (TIC) traces are shown; mass spectra of TIC peaks at highest

intensity are shown as an inset.
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2.3. Discussion and Conclusion

In conclusion, we demonstrated a powerful glutathione S-transferase catalyzed SnAr “click”
process for site-specific cysteine modification. This method allowed us to selectively modify
cysteine in an N-terminal y-Glu-Cys-Gly sequence within peptide and protein chains. The unique
chemical orthogonality of the discovered arylation enabled by GST provides a route to modifying
multiple cysteine sites with different chemical probes or biomolecules while avoiding the use of
protecting groups and additional synthetic procedures. By showing how a naturally occurring
enzyme catalyst improves and significantly broadens the scope of an established “click” synthetic
transformation, this discovery paves a frontier in discovering new enzyme mediated reactivity

modes suited for chemoselective modification of biomolecules.

In addition, we have shown how glutathione S-transferase (GST) can efficiently mediate
the macrocyclization reaction of long peptides by catalyzing a SNnAr process between cysteine and
perfluoroaromatic moieties. This transformation operates under mild aqueous conditions, at
ambient temperature, and takes only a few hours to complete. The reaction was shown to be highly
efficient and selective, especially for the generation of macrocyclic peptides with large ring sizes.
To demonstrate the unique selectivity of our GST-catalyzed reaction, a 40-residue macrocyclic

peptide was prepared by combining GST-catalyzed ligation with native chemical ligation.
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2.4. Experimental

2.4.1. Chemicals

Hexafluorobenzene and decafluorobiphenyl were purchased from Oakwood Chemicals
(West Columbia, SC). Decafluorobiphenyl sulfide was purchased from SynQuest Laboratories
(Alachua, FL). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI) was purchased from
Hampton Research (Aliso Viejo, CA). 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), Fmoc-Rink amide linker, Boc-o-Glu(OtBu)-OH, Fmoc-Gly-OH,
Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Ala-OH, Fmoc-Cys(Trt)-OH, Fmoc-Cys(S-tBu)-OH,
Fmoc-GIn(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Phe-OH, Fmoc-Ile-OH, Fmoc-Ser(tBu)-OH, Fmoc-Tyr(tBu)-OH and Fmoc-
Pro-OH were purchased from Chem-Impex International (Wood Dale, IL). 4-
methylbenzhydrylamine (MBHA) resin was obtained from Anaspec (Fremont, CA). N,N-
Dimethylformamide (DMF), dichloromethane (DCM), diethyl ether, HPLC-grade acetonitrile, and
guanidine hydrochloride were obtained from VWR International (Philadelphia, PA). All other

reagents were purchased from Sigma-Aldrich and used as received unless otherwise noted.
2.4.2. Glutathione S-transferase

GST isozyme mixtures were purchased from Sigma Aldrich. GST from equine liver (Sigma
Aldrich catalog number: G6511) and GST from human placenta (Sigma Aldrich catalog number:
G8642) were received as lyophilized powders containing Tris and phosphate buffer salts, reduced
glutathione, and EDTA. Water was added to dissolve these GST samples to a final concentration
of 10 mg/mL. GST from Schistosoma Japonicum (Sigma Aldrich catalog number: G5663) was
received as a solution of phosphate buffered saline, pH 7.4, containing 0.02% sodium azide,
concentration was > 3 mg/mL and purity was > 85% (SDS-PAGE). All GSTs were dialyzed against
20 mM Tris, 150 mM NacCl, pH 7.5 buffer to remove reduced glutathione, and aliquots of GSTs
were stored at -80 °C. All reactions in this work were performed with GST from equine liver unless

otherwise noted.

Human GST-MS5 was cloned from pcDNA3-HA-GSTMS (Addgene number: 11986) using
ChampionTM pET SUMO expression system (Life Technology) following manufacturer’s
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recommended protocol. Aliquots of expressed GST-MS5 were stored in 20 mM Tris, 150 mM NaCl,
pH 7.5 buffer at 6 mg/mL concentration in -80 °C refrigerator.

2.4.3. Solid phase peptide synthesis

All peptides were synthesized on a 0.2 mmol scale using manual fast flow peptide
synthesis’® using 3-minute cycle for each amino acid. Specifically, all reagents and solvents are
delivered to a stainless steel reactor containing resins at a constant flow rate using HPLC pump;
temperature of the reactor was maintained at 60 °C during the synthesis using water bath.
Procedure for amino-acid residue coupling cycle contained 30 second coupling with 1 mmol Fmoc
protected amino acids, 1.2 mmol HBTU, and 500 pL of diisopropyl ethyl amine (DIEA) in 2.5 mL
of DMF, flow rate was 6 mL/min, note that for coupling of cysteine, 190 uL of DIEA was used to
prevent racemization; 1-minute wash with DMF, flow rate was 20 mlL/min; 20 seconds
deprotection with 50% (v/v) piperidine in DMF, flow rate was 20 mL/min; and 1-minute wash
with DMF, flow rate was 20 mL/min. The resin was washed thoroughly with DCM and air dried
after completion of the stepwise SPPS. The peptide is then simultaneously cleaved from the resin
and side-chain deprotected by treatment with 2.5% (v/v) water, 2.5% (v/v) 1,2-ethanedithiol (EDT),
and 1% (v/v) triisoproprylsilane in neat trifluoroacetic acid (TFA) for 2 hours at room temperature.
Resulting solution containing peptide was evaporated by blowing a stream of nitrogen gas over its
surface for 15 minutes, then triturated and washed with cold diethyl ether three times. Obtained
gummy-like solid was dissolved in 50% H20: 50% acetonitrile containing 0.1% TFA and
lyophilized. These same solvent compositions were used in most experiments and will be referred
toas A: 0.1% TFA in H20 and B: 0.1% TFA in acetonitrile. All peptides were synthesized using
MBHA resin, unless noted otherwise. Peptide 5 was synthesized using hydrazide resin®®. All
peptides containing glutathione tag at N-terminus were synthesized with Boc-o.-Glu(OtBu)-OH as

the last amino acid residue.
2.4.4. Peptide purification

The crude peptide was dissolved in 95% A: 5% B with 6 M guanidinium hydrochloride
and purified by semi-preparative RP-HPLC (Agilent Zorbax SB Cis column: 21.2 x 250 mm, 7
um, linear gradient: 5-50% B over 90 min, flow rate: 5 mL/min). 1 uL of each HPLC fraction was

mixed with 1 pL of alpha-cyano-4-hydroxycinnamic acid (CHCA) matrix in 75% A: 25% B,
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spotted with MALDI, and checked for fractions with desired molecular mass. The purity of

fractions was confirmed by analytical RP-HPLC (Agilent Zorbax SB Cs column: 2.1 x 150 mm, 5

um, gradient: 0-2 minutes 5% B, 2-11 minutes 5-65% B, 11-12 minutes 65% B, flow rate: 0.8

mL/min). HPLC fractions containing only product material were confirmed by LC-MS analysis,

combined, and then lyophilized. Peptides synthesized using fast flow-based SPPS and purified by
RP-HPLC are listed in Table 2.1.

Table 2.1. Peptides synthesized via fast flow peptide synthesis and purified by RP-HPLC.

Peptide Sequence” gg:s g:lscs
1 HoN-ITPCNLLF*YYGKKK-CONH;, 1775.9 1775.89
HoN-VTLPSTCGAS-CONH; 933.46 933.46
Sa HoN-y-ECGGLL-CONH; 589.29 589.29
5b H,N-y-ECGLLL-CONH; 645.35 645.35
Sc H>N-y-ECGHLL-CONH; 669.33 669.33
5d H,N-y-ECGKLL-CONH» 660.36 660.36
Se H>N-y-ECGPLL-CONH; 629.32 629.32
5f H>N-y-ECGGGLL-CONH; 646.31 646.31
S5g HoN-ECGGLL-CONH; 589.3 589.29
5h H>N-DCGGLL-CONH; 575.27 575.27
5i H,N-y-ECG-CONHNH; 321.11 321.11
5j H,N-y-ECGGALF-CONHNH: 709.31 709.32
11a Biotin-RRC-CONH, 658.31 658.31
14 H)N-y-ECGGPTAAKESCLL-CONH, 1376.64 1376.64
14a HoN-y-ECGGPTAAKESC(S-rBu)LL-CONH; 1464.68 1464.68
21 H)N-y-EC(S-Bu)G-GLKAG-C-CONH; 923.40 923.40
2 H;N-y-EC(S-7Bu)G-(GLKAG),-C-CONH, 1349.66  1349.66
23 H;N-y-EC(S-1Bu)G-(GLKAG)3-C-CONH, 177592 1775.92
24 HoN-y-EC(S-Bu)G-(GLKAG)s-C-CONH, 2202.18 2202.18
22b H,N-y-ECG-(GLKAG),-C-CONH; 1261.63 1261.63
23b H>N-y-ECG-(GLKAG)3-C-CONH» 1687.89 1687.89
24b H>N-y-ECG-(GLKAG)4-C-CONH, 2114.15 2114.15
25 HoN-y-ECGGNQQKRAFIRSLYDDPSG-CONHNH; 2354.12 2354.12
26 HoN-C(S-tBu)ANLLAEAKKLNDAQAPKC-CONH,; 2087.07  2087.07

# Amino acids are shown in one-letter code. F* is L-pentafluorophenylalanine; y-E stands for vy -

glutamic acid; C(S-rBu) denotes tert-butylthio-protected cysteine.
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2.4.5. LC-MS analysis

LC-MS chromatograms and associated mass spectra were acquired using Agilent 6520

ESI-Q-TOF mass spectrometer. Following LC methods were used:

Method A: Zorbax SB Cs column: 2.1 x 150 mm, 5 pm, gradient: 0-2 minutes 5% B, 2-11
minutes 5-65% B, 11-12 minutes 65% B, flow rate: 0.8 mL/min.

Method B: Zorbax SB Ciscolumn: 2.1 x 250 mm, 5 um, gradient: 0-2 minutes 1% B, 2-15
minutes 1-70% B, 15-17 minutes 70% B, flow rate: 0.4 mL/min.

All samples were analyzed using Method A unless otherwise noted. Data was processed

using Agilent Mass Hunter software package.

Y-axis in all chromatograms shown in supplementary figures represents total ion current

(TIC); mass spectrum insets correspond to the maxima point of the TIC peak.
2.4.6. Determination of reaction yields

For all GST-catalyzed conjugation reactions except peptide macrocyclizations, yields
shown were determined by measuring UV absorption at L = 280 nm using LC-MS data. First, using
Agilent Mass Hunter software package, the peak areas for all relevant species on the chromatogram
were integrated. For all reactions, the relevant peaks from UV absorption spectra at [1=280 nm
arise from species containing perfluoroaromatic moieties. In Figure 2.4 and Figure 2.32, no
products were generated in reactions without enzyme, and clean conversions of substrates to GST-
catalyzed products were observed. For these reactions, yields were calculated using the following
equation: %yield = (1-Sg/Sc) x 100, where Sk is the peak area of peptide substrates containing
perfluoroaromatic moieties in enzymatic reactions and Sc is the peak area of those peptide
substrates in control reaction without enzyme. For reactions in Figure 2.35A, both the yields of
enzymatic reactions and reactions without enzyme are calculated using equation: %yield =
(1-Se/Sc)x100, where Sg is the peak area of peptide substrates containing perfluoroacromatic
moieties in enzymatic reaction or control reaction without enzyme, and Sc is the peak area of
reaction with only peptide 3b. For reactions in Figure 2.6, yields were calculated using the
following equation to account for two equivalents of peptide 3b used relative to peptides Sa-
f: %yield = (2—Sg/Sc)x100, where Sk is the peak area of peptide 3b in enzymatic reaction and Sc

is the peak area of peptide 3b in control reaction without enzyme.
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All yields for peptide macrocyclization reactions were determined by measuring total ion
currents using LC-MS data unless otherwise noted. First, using Agilent Mass Hunter software
package, the peak areas for all relevant peptidic species on the chromatogram were integrated.
Then yield was calculated as following: %yield = Spro/San where Spro is the peak area of the desired

product and San is the sum of all TIC peaks.
2.4.7. Protein expression and purification

Expression and Purification of AIC-LFN protein

The AIC-LFN construct was cloned from pET-SUMO-LFN-LPSTGG-Hs** using
QuickChange Lightening Site-Directed Mutagenesis kit according to the manufacturer’s protocol.
The generated construct encoded for the following protein sequence (the product of SUMO

removal is shown in bold, the introduced A1C mutation is highlighted in red):
SUMO-A1C-LFN-Hg

MSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGI
RIQADQTPEDLDMEDNDIIEAHREQIGGCGGHGDVGMHVKEKEKNKDENKRKDEERNKTQEEHLKEIMKH
IVKIEVKGEEAVKKEAAEKLLEKVPSDVLEMYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDIYGKDA
LLHEHYVYAKEGYEPVLVIQSSEDYVENTEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTIKNASD
SDGQDLLFTNQLKEHPTDFSVEFLEQNSNEVQEVFAKAFAYYIEPQHRDVLQLYAPEAFNYMDKFNEQEI
NLSLEELKDQRLPSTGGHHHHHH

E. coli BL21(DE3) cells transformed with SUMO-A1C-LFN-LPSTGG-Hs construct were
grown in 2 L of LB medium containing ampicillin (100 pg/mL) at 37 °C until ODsoo = 0.6. Then,
expression was induced by addition of 0.5 mM IPTG overnight at 37 °C. After harvesting the cells
by centrifugation (6,000 rpm, 30min), the cell pellet was lysed by sonication in 50 mL of 50 mM
Tris, 150 mM NaCl, pH 7.5 buffer containing 30 mg lysozyme, 2 mg DNase I, and 1 tablet of
protease inhibitor cocktail. The suspension was centrifuged at 17,000 rpm for one hour to remove
cell debris. The supernatant was loaded onto a 5 mL HisTrap FF crude Ni-NTA column (GE
Healthcare, UK) and washed with 50 mL of 40 mM imidazole in 20 mM Tris, 150 mM NaCl, pH
8.5. The protein was eluted from the column with buffer containing 500 mM imidazole in 20 mM
Tris, 150 mM NaCl, pH 8.5. Imidazole was removed from protein using HiPrep 26/10 Desalting
column (GE Healthcare, UK) into 20 mM Tris, 150 mM NaCl, pH 7.5. Purified protein was
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analyzed using an Any kD Mini-PROTEAN TGX Precast Gel (Bio-Rad, CA). In addition, the
protein was analyzed by LCMS analysis to confirm its purity and molecular weight analyzed via

high-resolution ESI-QTOF MS.

SUMO group on SUMO-A1C-LFN-H¢ was cleaved first by incubating 1 pg SUMO
protease per mg protein at room temperature for 90 minutes. The crude reaction mixture was
loaded onto a 5 mL HisTrap FF crude Ni-NTA column (GE Healthcare, UK) and washed with 50
mL of 40 mM imidazole in 20 mM Tris, 150 mM NacCl, pH 8.5. The A1C-LFN-Hs protein was
eluted from the column with buffer containing 500 mM imidazole in 20 mM Tris, 150 mM NaCl,
pH 8.5. Imidazole was removed from protein using HiPrep 26/10 Desalting column (GE
Healthcare, UK) into 20 mM Tris, 150 mM NaCl, pH 8.5. Purified protein was analyzed using an
Any kD Mini-PROTEAN TGX Precast Gel (Bio-Rad, CA). -In addition, the protein was analyzed
by LCMS to confirm the purity and molecular weight analyzed via high-resolution ESI-QTOF MS.
The A1C-LFN-Hs protein was purified as disulfide linked dimer (Figure 2.36, observed mass:
63733.3, calculated mass: 63731.6).

Preparation of protein 7 by hydrazide ligation

y-Glu-Cys-Gly-CONHNH: (5i) was prepared by Fmoc-SPPS using hydrazide resin.”® To
4 umoles of peptide hydrazide dissolved in 0.1 M phosphate, 6 M guanidinium hydrochloride, pH
3.0 was added 100 pL of 100 mM NaNO:z in water at -10 °C and reacted for 20 minutes at the same
temperature. Then 500 pL of 200 mM 4-mercaptophenyl acetic acid (MPAA) in 0.1 M phosphate
(pH 7.0) was added. The pH of the reaction mixture was adjusted to 7.0 by addition of 5 M sodium
hydroxide. The reaction mixture was left at room temperature for 10 minutes and analyzed by
LCMS. This crude peptide mixture was then used directly in ligation reaction with protein A1C-
LFN. To 50 pL crude thioester mixture was added 10 pL. of 40 mg/mL A1C-LFN and 10 pL of 1
M phosphate, 200 mM TCEP-HCI, pH 7.0. The reaction mixture was left at room temperature for
2 hours and characterized by LC-MS analysis (Figure 2.36). Protein 7 was purified by dialysis
against 20 mM Tris, 150 mM NaCl, pH 7.5 buffer.
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Figure 2.36. Preparation of protein 7 with N-terminal GSH tag by peptide hydrazide
ligation.

Deconvoluted mass spectra obtained from LC-MS analysis of these samples are shown.
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Expression and Purification of GST-M5

GST-MS5 gene was amplified from pcDNA3-HA-GSTMS5 (Addgene number: 11986) using
primers: 5’-ATGCCCATGACTCTGGG and 5’-CTATTTGCTGTTCCATGTAGCTGAC, after
gel purification, the gene was ligated into pET SUMO vector using protocol provided in
Champion™ pET SUMO protein expression system manual. The N-terminal oligo-glycine
sequence was introduced by site-directed mutagenesis using QuickChange Lightning Multi Site-
Directed mutagenesis kit (Agilent) with primer: 5-
GGCTCACAGAGAACAGATTGGTGGTggtggtggtggcggcATGCCCATGACTCT-GGGG. The
generated pET-SUMO-G5-GST-M5 construct encoded for the following protein sequence (G5-
GST-MS5 sequence is shown in bold):

SUMO-GST-MS5

MSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGI
RIQADQTPEDLDMEDNDIIEAHREQIGGGGGGGMPMTLGYWDIRGLAHAIRLLLEYTDSSYVEKKYTLGD
APDYDRSQWLNEKFKLGLDFPNLPYLIDGAHKITQSNAILRYIARKHNLCGETEEEKIRVDILENQVMDN
HMELVRLCYDPDFEKLKPKYLEELPEKLKLYSEFLGKRPWFAGDKITFVDFLAYDVLDMKRIFEPKCLDA
FLNLKDFISRFEGLKKISAYMKSSQFLRGLLFGKSATWNSK

E. coli BL21(DE3) cells transformed with pET-SUMO-G5-GST-MS5 plasmid were grown
in 1 L of LB medium containing kanamycin (30 pg/mL) at 37 °C until ODesoo = 0.6. Then,
expression was induced by addition of 0.5 mM IPTG overnight at 30 °C. After harvesting the cells
by centrifugation (6,000 rpm, 10 min), the cell pellet was lysed by sonication in 25 mL of 50 mM
Tris, 150 mM NaCl, pH 7.5 buffer containing 15 mg lysozyme (Calbiochem), 1 mg DNase I
(Sigma-Aldrich), and 0.5 tablet of protease inhibitor cocktail (Roche Diagnostics, Germany). The
suspension was centrifuged at 17,000 rpm for 30 min to remove cell debris. The supernatant was
loaded onto a 5 mL HisTrap FF crude Ni-NTA column (GE Healthcare, UK), first washed with 40
mL of 20 mM Tris, 150 mM NaCl, pH 8.5, and then washed with 40 mL of 40 mM imidazole in
20 mM Tris, 150 mM NaCl, pH 8.5. The protein was eluted from the column with buffer containing
500 mM imidazole in 20 mM Tris, 150 mM NaCl, pH 8.5. Imidazole was removed from protein
using HiPrep 26/10 Desalting column (GE Healthcare, UK), protein was eluted into 20 mM Tris,
150 mM NaCl, pH 7.5 buffer. Purified protein was analyzed using an Any kD Mini-PROTEAN
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TGX Precast Gel (Bio-Rad, CA). In addition, the protein was analyzed by LC-MS to confirm its

purity and molecular weight.

SUMO group on SUMO-G5-GST-MS5 was cleaved by incubating 1 pg of SUMO protease
per mg protein at room temperature for 60 minutes. The crude reaction mixture was loaded onto a
5 mL HisTrap FF crude Ni-NTA column (GE Healthcare, UK) and the flow through containing
G5-GST-MS5 was collected. The protein was analyzed by LC-MS confirming sample purity and
molecular weight (analyzed via high-resolution ESI-Q-TOF MS, observed mass: 25960.2,
calculated mass: 25960.5).

2.4.8. Synthesis of S-arylated electrophilic probes

Peptides 3a-3c

To a solid sample of peptide 3 (5 umoles) dissolved in 20mM Tris base in ImL of DMF in
a plastic Eppendorf tube was added 500 umoles of perfluoroaromatic reagent (hexafluorobenzene
for 3a, decafluorobiphenyl for 3b, decafluorobiphenyl sulfide for 3c). The tube was vortexed to
ensure complete reagent mixing and left at room temperature for 1 hour. Reaction mixtures were
characterized by LC-MS analysis. Resulting reaction mixtures were quenched by addition of 20
mL of 95% A: 5% B. Peptides 3a and 3¢ were purified by solid-phase extraction using Grace Cis
SPE Maxi-Clean Cartridges (Deerfield, IL) according to the manufacturer’s protocol (Figure 2.37,
left and right chromatograms), and peptide 3b was purified by RP-HPLC (Figure 2.37,

chromatogram in the center).
Preparation of biotin probe 11

Peptide 11a was synthesized by Fmoc-SPPS using biotin as the last amino acid. To a solid
sample of peptide 11a (5 pumoles) in a plastic Eppendorf tube dissolved in 20 mM Tris base in
ImL of DMF was added 500 pmoles of decafluorobiphenyl. The tube was vortexed and left at
room temperature for 1 hour. Reaction mixtures were characterized by LCMS analysis. Resulting
reaction mixtures were quenched by addition of 20 mL of 95% A: 5% B. Peptide 11 was purified
by RP-HPLC. Pure fractions were identified by LCMS analysis (Figure 2.38), collected, and
lyophilized.
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Figure 2.37. Preparation of peptides 3a-3c.
Total ion current (TIC) traces are shown; mass spectra of TIC peaks at highest intensity are shown

as an inset.

Decafluorobiphenyl b
7@ —m—mww2

OYNHH \/\).i
HN_ SN N CONH
H)é HW_ 2 DMF, Tris base

i 11a :
HS/ /
FV

Obs. mass: 972.3+0.1 1
Calc. mass: 972.3

970 980 N
1 3 5 7 9 1
time[min]

Figure 2.38. Preparation of biotin probe 11.
The total ion current (TIC) trace is shown; mass spectrum of the TIC peak at highest intensity is

shown as an inset.
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Peptides 21a—21c

To a solid sample of peptide 21 (5 pmoles) dissolved in 20 mM Tris base in 1mL of DMF
in a plastic Eppendorf tube was added 500 pmoles of perfluoroaromatic reagent
(decafluorobiphenyl for product 21a, hexafluorobenzene for 21b, decafluorobiphenyl sulfide for
21c). The tube was vortexed to ensure complete reagent mixing and left at room temperature for
30 minutes. 1 pL of each reaction mixture was quenched by addition of 20 uL of 50% A: 50% B
and subjected to LC-MS analysis. Resulting reaction mixtures were quenched by addition of 20

mL of 95% A: 5% B, filtered through 0.22 pum nylon syringe filter, and purified by RP-HPLC.
Peptides 22a-24a

Peptides 22a—24a were prepared using the same protocol as 21a—21¢ by reacting peptide
22-24 with decafluorobiphenyl. Note that for preparation of peptides 23a and 24a, 20 mL of 90%

A: 10% B was used as a quenching solution.

Peptide 26a was prepared using the same protocol by reacting peptide 26 with
decafluorobipheny]l.

LC-MS data for all reactions obtained in situ and RP-HPLC-purified products of peptides
21a to 21c and 22a—24a are summarized in Figure 2.39 and Figure 2.40.
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Figure 2.39. Synthesis and purification of peptides 21a-21c.

Reaction conditions are described in the general protocol section. Chromatograms B, D, and F
correspond to crude reactions used to prepare peptides 21a, 21b, and 2lc, respecﬁvely;
chromatograms C, E and G represent LC-MS analysis data for RP-HPLC-purified peptides 21a,
21b, and 21¢, respectively. Chromatogram F was acquired using LC-MS method B.
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Figure 2.40. Synthesis and purification of peptides 22a-24a.

Shown are three series of chromatograms, each series consists of TIC chromatograms for LC-MS
analysis of the pure substrate peptide, crude reaction mixture, and purified perfluoroaryl-linked
peptide. Chromatograms A, B, and C are for peptide 22a; D, E, and F are for peptide 3a; G, H, and
I are for peptide 4a. Peaks labeled with “*” denote side products with two peptides crosslinked by

one decafluorobiphenyl molecule.
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2.4.9. General protocol for GST-catalyzed peptide conjugation reactions

Typical GST-catalyzed reactions were performed on a 10 pL scale. Peptide substrates were
dissolved in water to make 10 mM stock solutions. Then substrates were mixed with 2 uLL of GST
stock solution (10 mg/mL), 1 pL reaction buffer (1 M phosphate, 200 mM TCEP, pH 8.0), then
water was added to a total volume of 10 pL. Unless otherwise noted, reactions were incubated at
37 °C water bath, quenched by addition of 90 uL of 50% A: 50% B, and subjected to LC-MS

analysis.
2.4.10. General protocol for GST-catalyzed peptide macrocyclization

Macrocyclization reactions described in Figure 2.14 and Figure 2.20 were performed on a
100 pL scale. 10 pL of the peptide stock solution (1 mM in water), 2 uL. of GST stock solution
(10 mg/mL), 10 uL of reaction buffer stock (1M phosphate, 200 mM TCEP*HCI, pH 8.0), and 78
pL of water were combined in a vial (total volume of 100 pL). The reaction mixture was pipetted
up and down for 20 times to ensure thorough mixing and left at room temperature (25 °C). 10 pLL
of the reaction mixture was quenched by addition of 100 pL of 50% A: 50% B, and subjected to
'LC-MS analysis.

2.4.11. Synthesis and purification of a forty-residue peptide for macrocyclization

Peptide 27 was synthesized via hydrazide-based native chemical ligation protocol.”® To a

solution of peptide 25 (2.17 mg, 0.92 pumol) dissolved in 210 pL. of 200 mM phosphate buffer,

pH 3.0 at -10 °C was slowly added 20 pL. of 100 mM NaNO: in water and reacted for 20 min at
the same temperature. 230 uL of 200 mM sodium 2-sulfanylenthanesulfonate in 200 mM
phosphate buffer, pH 7.0 was then added to the reaction mixture. The pH of the solution was
adjusted to 7.0 by addition of 5 M sodium hydroxide solution. The reaction mixture was left at
room temperature for 10 minutes followed by the addition of 460 pL of 2 mM peptide 26a (S-
perfluoroarylated peptide 26) solution and 100 pL of buffer (2 M phosphate, 200 mM TCEP*HCl,
pH 7.0). The reaction was left at room temperature and monitored by LC-MS analysis. After

ligation for two hours, the product peptide 27 was purified by RP-HPLC (Figure 2.1).
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Figure 2.41. Synthesis and purification of peptide 27.
TIC chromatograms for LC-MS analysis of crude peptide thioester 25a and RP-HPLC purified
peptides 25, 26, 26a and 27. Peak labeled with “*” denotes thiolactone formed at the GSH cysteine

from peptide 25a. Reaction conditions are described in 2.4.10 of the Experimental section.
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Chapter 3. n-Clamp-Mediated Regioselective Cysteine Arylation

The work presented in this chapter is a part of the following manuscripts and is reproduced here

with permission from the Nature Publication Group and Macmillan Publishers Limited.

Zhang, C.; Welborn, M.; Zhu, T.; Yang, N. J.; Santos, M. S.; Van Voorhis, T.; Pentelute, B. L.
n-Clamp-Mediated Cysteine Conjugation

Nat. Chem. 2016, 8, 120—128. DOI: 10.1038/nchem.2413
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3.1. Introduction

Site-selective chemistry!™ is essential for creating homogeneously modified biologics®”,
studying protein structure and function®, generating materials with defined composition®, and on-

10.11 " Existing approaches for site-selective

demand modification of complex small molecules
chemistry utilize either reaction pairs that are orthogonal to other functional groups on the target
of interest (Figure 2.4a, strategy 1)!%!3 or catalysts that mediate selective reactions at a particular
site among many competing ones (Figure 2.4A, strategy 2)!*'°. These strategies have been widely
used in protein modification and have led to the development of multiple bio-orthogonal handles?®-

25 and enzyme-tag pairs?6',

Natural proteins precisely control selective reactions and interactions by building large
three-dimensional structures from polypeptides usually much greater than 100 residues.’? For
example, enzymes have folded structures where particular amino acids are placed in a specialized
active-site environment.’* Inspired by this, we envisioned a new strategy for site-selective
chemistry on proteins by fine-tuning the local environment around an amino acid residue in a small
peptide sequence (Figure 2.4b). This is challenging because peptides are highly dynamic and
unstructured thereby presenting a formidable challenge to build defined environments for selective
chemical transformations.

Our design efforts leveraged cysteine because Nature has shown its robust catalytic role in

3435 and prior efforts indicate the reactivity of a cysteine residue can vary in different

enzymes,
protein environments.3® Further, cysteine is the first choice in bioconjugation to modify proteins
often via maleimide ligation or alkylation.’”3® However, these traditional cysteine-based
bioconjugations are significantly limited because they are not site-specific. When these methods
are applied to protein targets with multiple cysteine residues, a mixture of heterogeneous products
are generated, as exemplified by recent efforts to conjugate small molecule drugs to antibodies

through cysteine-based reactions.’

Small peptide tags that contain multiple cysteine residues have been used for
bioconjugation. Tsien have developed biarsenic reagents that selectively react with tetra-cysteine
motifs in peptides and proteins.*>*! More recently, organic arsenics have been used to modify two
cysteine residues generated from reducing a disulfide bond.*> These methods can present

challenges with thiol selectivity*? and none report the site-specific modification of one cysteine
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residue in the presence of many as enzymes or multiple chemical steps must be used to accomplish
this feat.***> An enzyme-free and one-step method for site-selective cysteine conjugation has yet

to be developed.

We have previously described a perfluoroaryl-cysteine SnAr approach for peptide and
protein modifications.***® The reactions between perfluoroaryl groups and cysteine residues are
fast in organic solvent but extremely sluggish in water unless an enzyme is used.*”*® This
observation inspired us to develop small peptides to promote the SNAr reaction in an analogous

fashion to enzymes.

a. Existing strategies for site-selective chemistry

Strategy 1: orthogonal chemistry Strategy 2: catalyst recognition

X X X X
X X3 X X

b. This work: site-selective chemistry by tuning the local environment

»
X X X XY
X : X
c. n-Clamp

g, ER_F F_F
competing SH Y s ss
cysteines SH * SH P
® F FE ¥ Fl F F
o m BDOP G R—SH Hsm POPG ~SH
competing = o R

SH n-clamp thiol SH

Figure 3.1. n-clamp mediated cysteine conjugation as a new strategy for site-selective
chemistry.

(a) Existing strategies for site-selective chemistry. Strategy 1: selectivity arises from orthogonal
chemistry between site Z and reagent Y. Strategy 2: catalyst mediates the reaction between a
particular site X (highlighted in red) and reagent Y. (b) This work demonstrates a new strategy
for site-selective chemistry by fine-tuning the local chemical environment around the target site.
A particular site X (highlighted in red) is tuned to react with reagent Y in the presence of other
competing X sites. (¢) Cysteine residue inside the n-clamp selectively reacts with

perfluoroaromatic probes in the presence of other competing cysteine residues and thiol species.
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3.2. Results

Here we describe the identification of the m-clamp sequence to mediate site-specific
cysteine modification in water without an enzyme, which overcomes the selectivity challenge for
cysteine bioconjugation (Figure 2.4c). This offers a new mode for site-specific chemistry by fine-

tuning the microenvironment of a four-residue stretch within a complex protein or peptide.
3.1.1. Design and discovery of the n-clamp

We serendipitously discovered the m-clamp via a library selection approach designed to
identify peptide sequences that promote arylation reactions in water. To accomplish this, we
prepared a peptide library (Zaa-Cys-Zaa-Zaa-Gly-Leu-Leu-Lys, where Zaa is anyone of the 20
natural amino acids except cysteine) and reacted the library with a biotin-perfluoroaryl probe in
solution (Figure 3.2). Through streptavidin pull-down and following LC-MS/MS analysis to
identify reaction products (see Experimental section 3.4.7), we uncovered the sequence Phe-Cys-
Pro-Trp reacted with the perfluoroaryl-cysteine moiety in water (Figure 3.3). This observation is
in stark contrast to our prior efforts*’” which showed that cysteine residues and perfluoroaryl
moieties do not react in water. Thus the Phe-Cys-Pro-Trp sequence appears to modify the reactivity
of the cysteine thiol. Further mutating the Phe and Trp to Gly eliminated the reaction. Based on
these findings and a molecular model of Phe-Cys-Pro-Trp, we hypothesize that the Phe and Trp
side chains activate the cysteine thiol and interact with the incoming perfluoroaryl group, while
the Pro serves to position the Cys, Phe, and Trp residues into a conformation that promotes the
reaction. We refer to this distinctive amino acid sequence Xaa-Cys-Pro-Xaa (Xaa = electron-rich

aromatic amino acids including Phe, Trp, or Tyr) as a n-clamp.
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Blotln
Blotln
AN F ___, Strepavidin Peptide sequencing by
AN AN M pull-down LC-MS/MS
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library of peptides
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b
(" 1 (_ solubility tag
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: ; . i g f ]
X = amino acids except cysteine TEV claavage sita O A |
library size = 6859 Probe ¥~Biotin TR |
\ ] F F ;

Figure 3.2. A library selection approach for the identification of the n-clamp sequence.

(a) Our strategy combines the streptavidin pull-down and the peptide sequencing by LC-MS to
identify reactive peptide sequences for the arylation reaction. (b) The sequence of the peptide
library and the structure of the probe used. The peptide library was synthesized using spilt-pool
synthesis. The peptide library was cleaved from the resin and the side chain protecting groups were

removed using standard cleavage techniques described in the peptide synthesis section.

FFF F1mm FFFF R F1mMm

5 F FE g F_Fe ¢ S 0 ‘ Q0 _Q_@_

Hal PO~~~ 0.2 M phosphate Ha HN e C 00 £ F No reaction
1mM 16 20 mM TCEP 1mM 0.2 M phosphate
pH 8.0, 37 °C, 30 min 20 mM TCEP
3G’ M+5H™" 3G’ 3 pH 8.0, 37 °C, 30 min
616.89
16t}

t =30 min

i 2 3 4 5 6 7 8 9 10 N 1 2 3 4
time [min] time [min]

Figure 3.3. Discovery of enhanced arylation reactivity of Phe-Cys-Pro-Trp sequence.

(a) Phe-Cys-Pro-Trp sequence is reactive towards perfluoroaryl probe. (b) Gly-Cys-Pro-Gly
sequence showed no product formation under the same reaction conditions. Reaction conditions:
1 mM peptide 1A or 1G, 1 mM perfluoroaryl probe 3°, 0.2 M phosphate and 20 mM TCEP (pH
8.0), at 37 °C for 30 minutes.
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3.1.2. Mutation studies of the n-clamp sequence

To investigate the m-clamp mediated conjugation, we mutated the aromatic residues. Each
of 9 peptides (Xaa-Cys-Pro-Xaa-Gly-Leu-Leu-Lys-Asn-Lys, where Xaa was Phe, Trp, or Tyr)
were tested for reaction with a perfluoroaryl-probe (2) in 0.2 M phosphate buffer at pH 8.0 and 37
°C with 20 mM TCEP added as the reducing agent. All 9 peptides reacted with probe 2 (rate
constants = 0.05 to 0.73 M'e S!, Figure 3.4, entries 5-13). In contrast, the double glycine mutant
(1A) formed no product (Figure 3.4, entry 1). The Phe-Phe n-clamp peptide (1E) gave quantitative
conversion in 30 minutes (rate constants = 0.73 M'e S°!, Figure 3.4, entry 5). Single mutations of
each Phe to Gly (1B and 1C, Figure 3.4, entries 2 and 3) or converting the L-Pro to D-Pro (1D,
Figure 3.4, entry 4) significantly decreased the rate of the arylation reaction. These studies indicate
that each amino acid in the n-clamp is essential for product formation.

fRF

£ FR F 5mM F
F S
H £ 2 peptide| 2 2 S
HaN 02 Mphosphate

1mM 1A - 1M 20 mM TCEP 2A . 2M
pH 8.0, 37°C

Entry Peptide Sequence Ky(M's”?
1 1A H;N-GCPGGLLKNK-CONH, N/A
2 1B H;N-FCPGGLLKNK-CONH, N/A
3 1C H,N-GCPFGLLKNK-CONH; 0.089 + 0.007
4 1D’ H,N-FC(°P)FGLLKNK-CONH,  0.048 + 0.002
5 1E H,N-FCPFGLLKNK-CONH, 0.73 £0.01
6 1F HoN-FCPYGLLKNK-CONH; 0.094 + 0.002
7 1G H,N-FCPWGLLKNK-CONH; 0.181 £ 0.005
8 1H H,N-YCPFGLLKNK-CONH, 0.315 = 0.008
9 11 H;N-YCPYGLLKNK-CONH, 0.076 + 0.003
10 1J H;N-YCPWGLLKNK-CONH; 0.118 + 0.005
11 1K H;N-WCPFGLLKNK-CONH, 0.475 + 0.008
12 1L HyN-WCPYGLLKNK-CONH; 0.101 + 0.003
13 1M H;N-WCPWGLLKNK-CONH,  0.195 + 0.002

Figure 3.4. Mutation studies of the n-clamp sequence.

Mutation studies show Phe-Cys-Pro-Phe has the highest reaction rate (entries 5-13) and Phe-1,
Pro-3, and Phe-4 are required for its observed reactivity (entries 1 to 5). TCEP: #ris(2-
carboxylethyl)phosphine. Yields shown are from LC-MS analysis of the crude reactions at 30
minutes. Amino acids are shown in one-letter code. *PP stands for D-proline. Kinetics fitting of
reactions at different time points are summarized in Figure 3.5. LC-MS chromatograms of these

reactions are shown in Figure 3.6 to Figure 3.12.
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Figure 3.5. Linear fitting of kinetics data for n-clamp peptides and controls to second-order
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See Experimental section 3.4.11 for detailed method for calculation and fitting.
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2 2
1B
1A
f\ J t=0 min | t=0min
A JL t=2min l\ JL t=2 min
’\ JL t=5min k _JL t=5min
2B
A J t =10 min | J t=10 min
f\ JLt=20min h \ t =20 min
3+

[2B+3H]

Calc. 768.35

Obs. 768.36
h JL t =30 min 764 768 772 K J\ t =30 min

1 2 3 4 5 6 '7 8 9 10 M1 1 2 3 4 5 6 7 8 9 10 N

time [min]

time [min]

Figure 3.6. LC-MS chromatograms for arylation reactions of peptide 1A (a) and 1B (b) at

different time points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC

peak is shown as an inset.
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Figure 3.7. LC-MS chromatograms for arylation reactions of peptide 1C (a) and 1D (b) at

different time points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC

peak is shown as an inset.
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Figure 3.8. LC-MS chromatograms for arylation reactions of peptide 1E (a) and 1F (b) at

different time points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC
peak is shown as an inset.
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Figure 3.9. LC-MS chromatograms for arylation reactions of peptide 1G (a) and 1H (b) at

different time points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC

peak is shown as an inset.
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Figure 3.10. LC-MS chromatograms for arylation reactions of peptide 11 (a) and 1J (b) at

different time points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC

peak is shown as an inset.
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Figure 3.11. LC-MS chromatograms for arylation reactions of peptide 1K (a) and 1L (b) at

different time points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC

peak is shown as an inset.
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Figure 3.12. LC-MS chromatograms for arylation reactions of peptide 1M at different time
points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC
peak is shown as an inset.
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3.1.3. Reactions between n-clamp peptides with perfluoroaryl probes

n-clamp mediated conjugation is highly selective as indicated by our thiol competition
experiments. The n-clamp peptide (1E) was found to undergo quantitative conversion with the
perfluoroaryl probe (2) in the presence of a double glycine mutant peptide (1A) that served as the
competing thiol species. Only the m-clamp peptide reacted quantitatively to form conjugated

product in 30 minutes (Figure 3.13).

SH SH
1AH2N" T mM FF FR.F smm H.N @CQ@ 1A

FiFl;\ .stz " p FR_F
SH 0.2 M phosphate S"F e g 5
20 mM TCEP E F
R F C D F i pH 8.0, 37 °C w~-OIPG 2E
2
1E
1A
A k . ‘L t=0min
2
2E
600 800 1000 1200 I\ LL t =30 min

1 3 5 7 9 11 13 15 17 19 21
[time/min]
Figure 3.13. n-clamp mediated site-specific cysteine conjugation in the presence of another
competing cysteine peptide.
n-Clamp peptide 1E was fully converted to the arylated product 2E while a competing cysteine
peptide 1A remain unmodified. Chromatograms shown are total ion currents (TIC) from LC-MS
analysis of crude reaction mixtures at 0 minute (black) and 30 minutes (red). The mass spectrum

of product 2E is shown as the inset.
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To further investigate the m-clamp mediated cysteine conjugation, we carried out
additional studies to understand if location mattered and the substrate scope. We found that the n-
clamp was efficiently modified irrespective of its position on the polypeptide chain (Figure 3.17).
n-clamp at the N-terminus (1E), the C-terminus (1N), and the middle (10) of the polypeptide chain
were readily modified with a diverse set of perfluoroaryl-linked probes including peptide, biotin,

fluorescein, alkyne, and polyethylene glycol (2 — 6, see Experimental section 3.4.6 for synthesis).

FFR.F  5mM e gk F

F\/ S : S \/I. S -
D454 (peplide) 2 g

SH
HzNOé@/\ 0.2 M phosphate HaN—

1mM 1E, 1N, or10 20 mM TCEP 2E, 2N, or 20
pH 8.0, 37 °C
Entry Peptide Sequence K/M's™)
1 1E (N-terminal n-clamp) NH,-FCPFGLLKNK-CONH, 0.73 £0.01
2 1IN (C-terminal n-clamp) NH,-KNKLLGFCPF-CONH,; 0.094 £+ 0.002
3 10 (Middle m-clamp) NH,-KNKLLGFCPFGLLKNK-CONH; 0.181 £+ 0.005

Figure 3.14. Effect of the position on peptide chain on the reactivity of m-clamp.
Amino acids are shown in one-letter code. *PP stands for D-proline. Kinetics fitting of reactions
at different time points are summarized in Figure 3.5. LC-MS chromatograms of these reactions

are shown in Figure 3.8a, Figure 3.15, and Figure 3.16.
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Figure 3.15. LC-MS chromatograms for arylation reactions of peptide 1N at different time

points.

Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC

peak is shown as an inset.
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Figure 3.16. LC-MS chromatograms for arylation reactions of peptide 10 at different time
points.
Shown are total ion current (TIC) curves. The mass spectrum at the highest intensity of the TIC

peak is shown as an inset.
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Figure 3.17. Reactions between m-clamp at distinct positions in polypeptides and diverse

perfluoroaryl-based probes.

n-Clamp at the N-terminus, the C-terminus, and the middle of peptides were readily reacted with

perfluoroaryl probes bearing peptide molecule (2), affinity tag (biotin, 3), fluorescent reporter

(fluorescein isothiocyanate, FITC, 4), click chemistry handle (alkyne, 5), and polymer

(polyethylene glycol, PEG, 6). Lower reaction yields were observed for the FITC-linked probe 4

potentially because of the low solubility of probe 4 in water. Yields shown are from LC-MS

analysis of the crude reactions at 60 minutes. *Yields at 120 minutes. See Figure 3.18 to Figure

3.21 for LC-MS chromatograms. See Experimental section 3.4.5 for the method for calculating

yields.
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Figure 3.18. Reactions of perfluoroaryl probes with the N-terminal n-clamp peptide 1E.
Shown are LC-MS chromatograms for reactions of the n-clamp peptide 1E with (a) biotin probe

(b) FITC probe, (¢) alkyne probe, and (d) PEG probe. Reaction conditions: 1 mM peptide 1E, 5
mM probe, 0.2 M phosphate and 20 mM TCEP (pH 8.0), at 37 °C for 60 minutes.
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Figure 3.19. Reactions of perfluoroaryl probes with N-terminal n-clamp peptide 10.
Reaction conditions: 1 mM peptide 10, 5 mM probe 2 — 6, 0.2 M phosphate and 20 mM TCEP
(pH 8.0), at 37 °C for 60 minutes.
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Figure 3.20. Reactions of perfluoroaryl probes with n-clamp at the middle of the peptide
chain.

Reaction conditions: 1 mM peptide 10, 5 mM probe 2 — 6, 0.2 M phosphate and 20 mM TCEP
(pH 8.0), at 37 °C for 60 minutes.
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Figure 3.21. Reactions of perfluoroaryl probes with n-clamp peptides for 2 hours.
Reaction conditions: 1 mM n-clamp peptide, 5 mM probe, 0.2 M phosphate and 20 mM TCEP
(pH 8.0), at 37 °C for 120 minutes.
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3.1.4. n-Clamp-mediated regioselective modification of proteins containing multiple

cysteines

- We next investigated the regioselectivity on a 55-kDa protein substrate (Figure 3.23).
Model protein 7 was designed to contain an N-terminal cysteine and a C-terminal n-clamp. A
protease cleavage site was positioned upstream of the m-clamp thereby allowing for the
unequivocal verification of the regioselectivity. Upon reacting the protein (7) with probe 2 for 2
hours, we observed > 95% formation of the mono-labeled product (7A). The N-terminal free
cysteine was subsequently labeled with fluorescein-5-maleimide producing the dual-labeled
product (7B). Upon protease cleavage, only two products were generated: a protein with
maleimide-labeled N-terminal cysteine (7C) and a m-clamp arylated species, confirming the

absolute regioselectivity endowed by the m-clamp.

TEV protease cleavage position
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Figure 3.22. n-clamp mediated regioselective cysteine modification enables protecting
group-free one-pot dual labeling of a protein.
Protecting group-free one-pot dual labeling of a 55-kDa protein. The protein used was a fusion

protein of the anthrax toxin lethal factor 1-263 (LFn) and diphtheria toxin domain A (DTA) with
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an engineered N-terminal cysteine, a C-terminal n-clamp, and a protease cleavage site upstream
of the m-clamp. After sequential modifications of the two cysteines with perfluoroaryl probe 2 and
fluorescein-5-maleimide, the dual-labeled product 7B was protease-digested to illustrate the
selectivity of the m-clamp mediated conjugation. Reaction conditions: (1) 50 pM 7, 1 mM 2, 0.2
M phosphate, 20 mM TCEP, 37 °C, 2 hours. (2) 50 uM 7A, 1 mM fluorescein-5-maleimide, 0.2
M phosphate pH 7.0, room temperature, 10 minutes. (3) 25 pM protein 7B, O‘.l mg/mL TEV
protease, 50 mM Tris, 0.1 mM EDTA, 1 mM DTT, pH 8.0, room temperature, 15 hours. TEV:
tobacco itch virus; EDTA: ethylenediaminetetraacetic acid; DTT: dithiothreitol; Tris: 2-amino-2-
hydroxylmethyl-propane-1, 3-diol.

Next, we site-specifically modified a cysteine-containing transpeptidase Sortase A (SrtA)*!
(Figure 3.23). An N-terminal w-clamp SrtA variant (8) reacted with probe 2 to produce > 95%
mono-labeled product (8A). The modified variant displayed full catalytic activity (Figure 3.24).
No reaction took place with SrtA without the n-clamp (9). In sharp contrast, when the n-clamp-
Sortase (8) was reacted with bromoacetamide, a mixture of products was produced with labeling

of both cysteine residues (Figure 3.25).

¥ l;_;F Sj " fpepuce selective conjugation
DOP G - clamp to the n—clamp

8 f\/\( \ 5 ;:j 8
‘ @2 Calc. 19709.7 Calc 209371
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active-site pH 8.0, 37°C, 6 hours

cysteine

18000 20000 22000

no reaction
without the n-clamp
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20mM TCEP
pH 8.0, 37°C, 6 hours

Figure 3.23. n-clamp mediated site-specific conjugation on a cysteine-containing enzyme.
Top, quantitative and selective labeling of m-clamp SrtA (PDB entry: 1T2P); bottom, control
shows no labeling of SrtA. Reactions conditions: 38 uM 8 or 9, 1 mM 2, 0.2 M phosphate, 20 mM
TCEP, 37 °C, 6 hours.
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Figure 3.24. Perfluoroaryl-labeled n-clamp SrtA (8A) is able to catalyze the ligation of two

peptides.

Reaction conditions: 1 mM 8-pep, 2 mM 7-pep, 50 mM Tris, 150 mM NaCl, 10 mM CaCl2, 10
mM TCEP, pH 7.5, 10 uM 8A, at room temperature for 30 minutes. 10 pL of the reaction
mixture was quenched by addition of 100 pL 50% A: 50% B and analyzed by LC-MS.
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Figure 3.25. Labeling of cysteines in 7-clamp SrtA by bromoacetamide..
Reaction conditions: 39 uM n-clamp SrtA 8, 20 mM bromoacetamide, 0.2 M phosphate and 20
mM TCEP (pH 8.0), at 37 °C for 1 hour. (b) Trypsin digestion and LC-MS/MS analysis indicate

that both the m-clamp cysteine and the active-site cysteine are labeled by bromoacetamide.
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3.1.5. n-Clamp-mediated site-specific antibody modification

IgG molecules modified with small molecule drugs (antibody-drug conjugates, ADCs) are
currently used as therapeutic agents.’® However, attaching small molecule agents site-specifically
to cysteines in IgGs is as of yet impossible, and thus commercial ADCs are heterogeneous mixtures
of conjugates.® Approaches to engineer cysteine substitutions in antibodies produce mixed
disulfides with cysteine or glutathione, thus a fine-tuned reduction-oxidation protocol must be used

to afford the free cysteine thiols for selective drug conjugation in the presence of disulfide

bonds.>!3?

We anticipated that the n-clamp IgG could be used to overcome this specificity problem in
ADC synthesis, which is notably challenging because IgGs harbor 32 native cysteine residues. The
n-clamp mediated modification on antibodies will be a single-step and site-specific antibody-drug
conjugation technology that does not require significant antibody engineering or extra chemical
steps®'32. To this end, we inserted the Phe-Cys-Pro-Phe sequence into the C-termini of the heavy
chains of trastuzuamab’’. Reacting the n-clamp trastuzumab (protein 10) with either a biotin-
perfluoroaryl probe (11-Biotin) or a drug-perfluoroaryl probe (11-MMAF) (see Experimental
section 3.4.6 for synthesis)under reducing conditions, we observed facile formation of the heavy
chain mono-labeled products (10-Biotin or 10-MMAF) by LC-MS analysis (Figure 3.26).
Antibodies without the n-clamp showed no desired modification under the same conditions (Figure
3.27), highlighting the specificity of the conjugation. Moreover, this selective conjugation reaction

5455 with 11-Biotin resulted in only

works with other antibodies, reacting a n-clamp C225 antibody
the selective modifications on the 7-clamp cysteine residues (Figure 3.28), suggesting that the 7t-

clamp could be a general strategy for site-selective antibody modification.
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Figure 3.26. Site-specific conjugation of biotin or monomethyl auristatin F (MMAF) to 7-
clamp trastuzumab 10.

LC-MS analysis showed site-specific labeling of the -clamp cysteine residues on the trastuzumab
heavy chain. The antibodies were treated with PNGase F to remove the N-linked glycans before
LC-MS analysis. The deconvoluted mass spectrum of the light chain (top) and the deglycosylated
heavy chain of n-clamp trastuzumab (10, left), the biotin labeled 7-clamp trastuzumab (10-Biotin,

center), and the drug-conjugated n-clamp trastuzumab (10-MMAF, right) were shown.
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Figure 3.27. Labeling reactions of native trastuzumab with perfluoroaryl probes showed no

desired labeling products.

Shown are the mass spectra of the native trastuzumab (a), the antibody sample after reaction with
11-Biotin (b), and the antibody sample after reaction with 11-MMATF (¢). Reaction conditions for
labeling with 11-Biotin are: 100 uM trastuzumab, 1 mM 11-Biotin, 0.2 M phosphate, 20 mM
TCEP, 37 °C, 4 hours. Reaction conditions for labeling with 11-MMAF: 100 pM trastuzumab, 1

mM probe 11-Biotin, 0.2 M phosphate, 20 mM TCEP, 37 °C, 5% DMSO, 16 hours. The peak
labeled with “*” indicates the side product from the conjugation of maleimide-MMATF to the heavy

chain of the antibody. All antibodies were buffer exchanged with PBS 5 times to remove the probes,
then the antibodies were treated with PNGase F to remove the N-linked glycans and were reduced

before LC-MS analysis.
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Figure 3.28. Site-selective conjugation of biotin to n-clamp-C225 antibody.

Reaction conditions are: 100 pM protein 12 or C225, 1 mM 11-Biotin, 0.2 M phosphate, 20 mM
TCEP, 37 °C, 4 hours. Mass spectra of the antibodies before labeling and after labeling are shown.
(a) Conjugation reaction with m-clamp-C225 (12) showed complete labeling of the heavy chain.
(b) Conjugation reaction with C225 showed no reaction. All antibodies were buffer exchanged
with PBS 5 times to remove the probes, then the antibodies were treated with PNGase F to remove

the N-linked glycans and were reduced before LC-MS analysis.
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Under the developed reaction conditions (0.2 M phosphate, 20 mM TCEP, pH 8.0, at 37
°C), only the inter-chain disulfides and the m-clamp cysteine residues are reduced (Figure 3.29),
and the modified antibodies retained binding affinity to their targets. Biotin modified m-clamp
trastuzumab (10-Biotin) showed similar binding affinity to HER2 (Kp =0.2 + 0.2 nM) compared
to native trastuzumab non-selectively modified with a (PEG)4-Biotin (trastuzumab-(PEG)4-Biotin,
Kp=0.3 =+ 0.1 nM) (Figure 3.30, see Experimental section 3.4.12 for synthesis of trastuzumab-
(PEG)4-Biotin). In addition, both proteins 10 and 10-Biotin readily bound to BT474 cells (HER2-
positive) (Figure 3.31 and Figure 3.32). As another antibody test case, biotin modified C225
antibody (12-Biotin) showed similar binding to A431 cells (EGFR-positive) compared to the
native C225 antibody (Figure 3.33 and Figure 3.34). Collectively, insertion of the n-clamp into the
heavy chains of antibodies and subsequent modification with drugs or probes did not significantly

alter the binding properties.

Using the n-clamp mediated cysteine conjugation, we synthesized a site-specific antibody
drug conjugate using m-clamp trastuzumab (protein 10) and a monomethyl auristatin F (MMAF)
linked to a perfluoroaryl group (11-MMAF, see Experimental section 3.4.6 for synthesis). LC-MS
analysis of the conjugation reaction showed selective labeling of the heavy chain n-clamp cysteine
residues (Figure 3.26). The prepared ADC selectively killed BT474 cells (HER2 positive) but was
not effective for CHO cells (HER2 negative), indicating that the observed toxicity is receptor-
dependent (Figure 3.35).
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Figure 3.29. Using Ellman’s reagent to determine the free cysteine-to-antibody ratio under

the developed reaction conditions for the n-clamp-mediated conjugation.

(a) A standard curve is generated using various concentrations of L-cysteine. (b) Under the

developed reaction conditions, only around 10 free thiols were generated and we hypothesized

them to be from the reduction of the inter-chain disulfide and the m-clamp cysteine residues.

Protein concentration is determined by measuring UV absorption at 280 nm; and the free cysteine

concentration is determined by reacting with Ellman’s reagent and then measure the absorption at

412 nm. The measured free cysteine-to-antibody ratio is the average of three independent

experiments.
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Figure 3.30. BioLayer interferometry assays for measuring the binding of biotin-linked
antibodies to HER2.

The biotin-conjugated m-clamp trastuzumab (10-Biotin) binds to HER2 in the BioLayer
interferometry assay (Kp = 0.2 + 0.2 nM). The concentration of recombinant HER2 in each

experiment 1s shown next to the curve (see Experimental section 3.4.13 for detailed protocol).
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Figure 3.31. Flow cytometry assays for measuring the binding of modified trastuzumab
variants to BT474 cells (HER2 positive) through secondary staining of biotin.
Streptavidin-647 was used as the secondary staining reagent to bind to biotin. (a) Histograms of
AlexaFluor-647 fluorescence. (b) Bar graph showing the mean AlexaFluor-647 fluorescence in
each sample. 10-Biotin retained binding to BT474 cells (HER2-positive) compared to the controls.
Cells were treated with 10-Biotin or controls, washed with phosphate buffer saline (PBS) with
0.1% BSA., and then treated with streptavidin-AlexaFluor-647 before analyzed by flow cytometer.
10-(PEG)4-Biotin and trastuzumab-(PEG)4-Biotin were prepared from reacting Biotin-(PEG)4-

NHS with protein 10 or trastuzumab, respectively (see Experimental section 3.4.14 for detailed
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Figure 3.32. Flow cytometry assays for measuring the binding of modified trastuzumab
variants to BT474 cells (HER2 positive) through secondary staining of antibody Fc region.
AntiHuman Fc-AlexaFluor-488 as the secondary staining reagent. (a) Sample description. (b) Bar
graph showing the mean AlexaFluor-488 fluorescence in each sample. (¢) Histograms of

AlexaFluor-488 fluorescence.

209



o
o

Sample Note 120 5
-
oo 4
Cell only - x Q 100
c225 - =3 80
5 9
12 C-clamp-C225 o § 60 -
. Protein 12 modified with biotin <8 i |
12-Blotin through [-clamp § = 40
. C225non-selectively modified  ® § 20 -
C225-(PEG)4-Biotin with biotin o
Protein 12 non-selectively ol
12{PEGM-Biotin modified with biotin ,\0&\“\5’.\""&‘\?’ '\"'\6(}0 o¢\'¥ 00\-\
SA-647 only streptavidin-AlexaFluor-647 \h'e \5.9 ,\-';.'Q 'és\ oé\
only Q,o Q,o Ay
{7 R

Percentage of Max

00 10 10t 10

FLA-H: AlsxaFluor-847

Parcentage of Max
8

Percentage of Max
s 3

Percentage of Max

1w 10' 1® 1w 1w w0
FLA-H: AloxsFluor-847 FLA-H: AlexaFluor-647

Figure 3.33. Flow cytometry assays for measuring the binding of modified C225 variants to
A431 cells (EGFR positive) through secondary staining of biotin.
Streptavidin-AlexaFluor-647 as the secondary staining reagent. (a) Sample description. (b) Bar
graph showing the mean AlexaFluor-647 fluorescence in each sample. (¢) Histograms of

AlexaFluor-647 fluorescence.
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Figure 3.34. Flow cytometry assays for measuring the binding of modified C225 variants to
A431 cells (EGFR positive) through secondary staining of antibody Fc region.
Antihuman Fc-AlexaFluor-488 as the secondary staining reagent. (a) Histograms of AlexaFluor-

488 fluorescence. (b) Bar graph showing the mean AlexaFluor-488 fluorescence in each sample.
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Figure 3.35. Cell viability assays showed selective killing of HER2 positive cells by nt-clamp
antibody-drug conjugates.

10-MMAF killed BT474 cells (HER2 positive) but was not effective for CHO cells (HER2
negative). ECso values for BT474 cells were 0.19 nM for 10-MMAF and 41 nM for auristatin F.
ECso value of auristatin F for CHO cells is 1.3 uM. Cell viability was quantified using CellTiter
Glo assay and was normalized to cell only (see Experimental section 3.4.15 for detailed protocol).
Experiments were done in triplicate for each dose; error bar shown indicates the standard deviation

from the average of three experiments.
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3.1.6. Cysteine pK, is not the determining factor for t-clamp reactivity

To determine whether the increased arylation rate of m-clamp results from the decreased
pKa of cysteine inside the m-clamp sequence, we measured the pKa of cysteines in the n-clamp
peptide 1E and in the double glycine mutant 1A (Figure 3.36) according to previously reported
method.*® The nt-clamp cysteine in 1E has a pKa of 7.69 + 0.09 while the cysteine in 1A has a pKa
of 8.30 + 0.05. This decreased pKa of cysteine in the n-clamp might result from the stabilization

of thiolate by sulfur-r interaction with the phenyl rings.*’

However, the decreased pKa is not the major reason for the enhanced reactivity of n-clamp
for perfluoroaryl probes. We performed competing arylation reactions for peptide 1A and 1E at
pH 6.0 to 10.0. All reactions showed selective arylation of m-clamp peptide 1A in the presence of
competing cysteine species 1A (Figure 3.37). This is in sharp contrast to the competing alkylation
reactions with iodoacetamide, where all reactions showed non-selective alkylation of peptides 1A

and 1E at pH 6.0 to 10.0 (Figure 3.38).

Cysteine pK; of 1A = 8.30 + 0.05; R?=0.99

0.77 cysteine pk, of 1E = 7.69 + 0.09; R2=0.98
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Figure 3.36. Determination of Cysteine pK, of the n-clamp and the double glycine control
by measuring absorbance at 240 nm across a range of pH values.

Conditions: 0.2 mM peptide, 0.1 M buffer. Following buffers and pH values are used: MES buffers
at pH 5.47, 6.04, and 6.47; phosphate buffers at pH 7.53 and 7.62; Tris buffers at pH 8.00 and
8.50; borate buffers at pH 9.04 and 9.35; and CAPS buffer at pH 10.29. The UV absorption at 240
nm at each pH value was measured and the absorption of buffer-only was subtracted as background.
The UV absorption values were then plotted against pH and the pKa was determined by previously

reported method.>®
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Figure 3.37. Selective arylation of the n-clamp cysteine in the presence of another

competing cysteine across a range of pH values.

Reaction conditions: 1 mM 1A, 1 mM 1E, 5 mM 2, 0.1 M buffer, 20 mM TCEP, at 37 °C for 30

minutes. 10 pl. of each reaction was quenched by addition of 100 pL of 50% A: 50% B and
analyzed by LC-MS.
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Figure 3.38. Reactions of the n-clamp cysteine and another competing cysteine across a
range of pH values using iodoacetamide, showing that alkylation reaction is not selective.
(a) LC-MS chromatograms for reactions at various pH values, the n-clamp alkylated product (1E-

acetamide) co-eluted with peptide 1E, mass spectrums of integration of the whole TIC peaks are

shown in (b). Reaction conditions: 1 mM 1A, 1 mM 1E, 2 mM iodoacetamide, 0.1 M buffer, 20
mM TCEP, at room temperature for 10 minutes. 10 pL of each reaction mixture was quenched by

addition of 100 pnL of 50% A: 50% B and analyzed by LC-MS.
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3.1.7. Molecular dynamics (MD) simulation of n-clamp structure

To further investigate the mechanism of the n-clamp mediated reaction, we used molecular
dynamics (MD) to sample the conformational arrangements of the n-clamp peptide (1E) (Figure
3.39). Simulations indicated that 1E adopts four primary conformations when a cis-Pro is present:
a “m-clamp” (S1) with the phenyl rings of Phe-1 and Phe-4 interacting face-on with the Cys-2 thiol;
a “half-clamp” (S2) where only the Phe-4 side chain interacts with the Cys-2 thiol; 83 in which
the Phe-1 and Phe-4 side chains are stacked together, leaving the Cys-2 thiol exposed; and an open
configuration (S4) where all side chains are too far apart to interact. MD simulation for m-clamp
peptide (1E) with a trans-Pro indicated two “open” structures with the cysteine thiol not interacting

a Phe residue and one structure with Phe-4 side chain interacting with Cys-2 thiol (Figure 3.40).

10

]

Clamp (S1) Half-clamp (S2)

&

Clamp

Phe4-Sulfur Distance (A)

4

Phe1-Sulfur Distance (A) Phe-Phe face on (S3) Open (S4)

Figure 3.39. Molecular dynamics simulation reveals the structural landscape of n-clamp
with a cis-proline configuration.

Four primary structures S1 — S4 were identified from molecular dynamics simulation of n-clamp
peptide 1E. The phenyl rings and cysteine thiol are shown as spheres; the rest of the peptide is
drawn as sticks. The heat map was plotted by summarizing all the obtained structures according

to the distances between the sulfur atom and the centers of the phenyl rings.
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Figure 3.40. Molecular dynamics simulation reveals the structural landscape of n-clamp
with a frans-proline configuration.

Three primary structures S5 - S7 (b) were identified from the heat map sampling MDD structures
of peptide 1E with a trans-proline (a). S5 has Phe4 residue interacts with the sulfur, while S6 and

S7 show no interactions between the sulfur and the phenylalanine rings.
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3.1.8. Density functional theory (DFT) calculation of n-clamp mechanism

With these MD structures in hand, we used density functional theory (DFT) to investigate
the nucleophilic aromatic substitution energy pathway for structures with a cis-Pro (Figure 3.41).
We found that the half-clamp structure S2 stabilized the arylation product by approximately 5
kcal/mol compared to the double glycine mutant, indicating the important role of Phe-4 in
promoting the arylation reaction. This is consistent with our mutation studies showing that Phe-4
alone can partially mediate the arylation reaction (Figure 3.4, Entry 3). The product generated from
the open structure (S4) has similar free energy compared to that of the double glycine mutant,
further substantiating the hypothesis that the two phenylalanine side chains are important for the

arylation reaction with the perfluoroaryl groups.

The most stable product was observed with the “n-clamp” structure (S1) of which the free
energy was approximately 7 kcal/mol lower than that of the double glycine mutant. We further
found that the activation energy for the formation of the transition state®® (ILI in Figure 3.41) was
decreased by approximately 3 kcal/mol when the n-clamp (S1) was present, presumably because
of the phenyl rings recognizing the perfluoroaryl group and activating cysteine sulfur before
conjugation. Collectively, these DFT calculations indicated that the m-clamp offers both a kinetic
advantage (lower activation energy) and a thermodynamic advantage (lower free energy) over the

double glycine mutant for the selective reaction with the perfluoroaryl reagents.
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Figure 3.41. Density functional theory calculation of the reaction pathways of n-clamp and

control.

Conjugation to the mt-clamp is energetically favored compared to the double glycine mutant. Left,

proposed nucleophilic aromatic substitution pathway for arylation at the n-clamp. Right, computed

geometries and free energy surface of the nucleophilic aromatic substitution at the n-clamp (red).

The free energy surface of the double glycine control is also shown (grey).
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3.3. Discussion and Conclusion

Here we describe the discovery of a m-clamp to mediate site-selective cysteine conjugation.
The m-clamp is composed of natural amino acids and shares some essential features of large
enzymes, yet it mediates a purely abiotic cysteine perfluoroarylation reaction. The n-clamp tunes
the reactivity of a cysteine thiol in its “active-site”, recognizes the perfluoroaromatic reaction
partner, and decreases the activation energy for the reaction. In addition, the n-clamp has practical
applications in protein labeling.* The reported reaction is site-specific, operational under
physiologically relevant conditions, enzyme-free, and as efficient as the commonly used azide-

alkyne click chemistry>®° (n-clamp rate constant: 0.73 M-!S™1).

Compared to existing bioconjugation techniques*®, the advantages of the n-clamp include
its (1) small size that offers minimal structural perturbation to the target protein; (2) genetic
encodability for straightforward incorporation; (3) ability to perform protecting-group-free dual
cysteine modification; (4) and reaction mode that tunes the kinetic parameters to favor the cysteine
perfluoroarylation reaction. This mode of reaction is distinct when compared to other advanced

cysteine bioconjugations that use entropy to favor conjugation.**?

The unexpected mode of site-specificity provided by the m-clamp requires further mention.
In all existing conjugation methods®®, selectivity results from the judicious choice of certain
functional groups so that each reaction pair undergoes conjugation in the presence of many other
potentially reactive groups. For example, the unnatural handles used for click reactions are
orthogonal to other functional groups on the target of interest.!? In contrast, selectivity in the n-
clanip mediated conjugation is achieved by fine-tuning the local chemical environment and
reactivity as proteins do. This provides a complementary strategy to non-natural amino acid-
mediated bioconjugation.®! By fine-tuning the peptide microenvironment to allow for selective
modification, the m-clamp significantly expands the chemistry available for selectively tailoring

biomolecules.

220



3.4. Experimental

3.4.1. Chemicals

Decafluorobiphenyl was purchased from Oakwood Chemicals (West Columbia, SC).
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCl) was purchased from Hampton
Research  (Aliso  Viejo, CA). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
blpyridinium 3-oxid hexafluorophosphate (HATU), Fmoc-Rink amide linker, D-Biotin,
fluorescein isothiocyanate isomer I, Fmoc-18-amino-4,7,10,13,16-pentaoxaoctadecanoic acid
(Fmoc-(PEG)s-COOH), Fmoc-L-Propargylglycine-OH, Fmoc-L-Gly-OH, Fmoc-L-Leu-OH,
Fmoc-L-lle-OH, Fmoc-L-Val-OH, Fmoc-L-Lys(Boc)-OH, Fmoc-L-Ala-OH, Fmoc-L-Cys(Trt)-
OH, Fmoc-L-Cys(S-tBu)-OH, Fmoc-L-GIn(Trt)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-Glu(OtBu)-
OH, Fmoc-L-Asp(OtBu)-OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Phe-OH, Fmoc-L-Trp(Boc)-OH,
Fmoc-His(Boc)-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Tyr(tBu)-OH, Fmoc-
L-Pro-OH, and Fmoc-D-Pro-OH were purchased from Chem-Impex International (Wood Dale,
IL). Aminomethyl polystyrene resin was prepared in house. Peptide synthesis-grade N, N-
dimethylformamide (DMF), dichloromethane (DCM), diethyl ether, HPLC-grade acetonitrile, and
guanidine hydrochloride were obtained from VWR International (Philadelphia, PA). All other

reagents were purchased from Sigma-Aldrich and used as received unless otherwise noted.
3.4.2. Peptide synthesis

All peptides were synthesized on a 0.2 mmol scale using manual Fmoc-SPPS chemistry
under flow using a 3 minute cycle for each amino acid.®? Specifically, all reagents and solvents are
delivered to a stainless steel reactor containing resins at a constant flow rate using HPLC pump;
temperature of the reactor was maintained at 60 °C during the synthesis using water bath.
Procedure for each amino acid coupling cycle included a 30 second coupling with 1 mmol Fmoc-
protected amino acid, 1 mmol HBTU, and 500 pL of diisopropyl ethyl amine (DIEA) in 2.5 mL
of DMF at a flow rate of 6 mL/min (note that for coupling of cysteine and tryptophan, 190 pL of
DIEA was used to prevent racemization); 1 minute wash with DMF at a flow rate of 20 mL/min;
20 second deprotection with 50% (v/v) piperidine in DMF at a flow rate of 20 mL/min; and 1
minute wash with DMF at a flow rate was 20 mL/min. After completion of the stepwise SPPS, the

resin was washed thoroughly with DCM and dried under vacuum. The peptide is simultaneously
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cleaved from the resin and side-chain deprotected by treatment with 2.5% (v/v) water, 2.5% (v/v)
1,2-ethanedithiol (EDT), and 1% (v/v) triisoproprylsilane in neat trifluoroacetic acid (TFA) for 2
hours at room temperature. The resulting solution containing peptide was evaporated by blowing
a stream of nitrogen gas over its surface for 15 minutes, then triturated and washed with cold
diethyl ether three times. The obtained gummy-like solid was dissolved in 50% H20: 50%
acetonitrile containing 0.1% TFA and lyophilized. These same solvent compositions were used
in majority of experiments and will be referred to as A: 0.1% TFA in H>0 and B: 0.1% TFA in

acetonitrile.
3.4.3. Peptide purification

The crude peptide was dissolved in 95% A: 5% B with 6 M guanidinium hydrochloride
and purified by semi-preparative RP-HPLC (Agilent Zorbax SB Cis column: 21.2 x 250 mm, 7
um, linear gradient: 5-50% B over 90 min, flow rate: 5 mL/min). 1 uL. of each HPLC fraction was
mixed with 1 pL of alpha-cyano-4-hydroxycinnamic acid (CHCA) matrix in 75% A: 25% B,
spotted with MALDI, and checked for fractions with desired molecular mass. The purity of
fractions was confirmed by analytical RP-HPLC (Agilent Zorbax SB C3 column: 2.1 x 150 mm, 5
um, gradient: 0-2 minutes 5% B, 2-11 minutes 5-65% B, 11-12 minutes 65% B, flow rate: 0.8
mL/min). HPLC fractions containing only product materials were confirmed by LC-MS analysis,
combined, and then lyophilized. Peptides synthesized using fast flow-based SPPS and purified by
RP-HPLC are listed in Table 3.1.
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Table 3.1. Sequences and masses for peptides synthesized by fast-flow peptide synthesizer.

Peptide  Sequence Calculated mass Observed mass
1A H>N-GCPGGLLKNK-CONH, 984.55 984.55
1B H,N-FCPGGLLKNK-CONH, 1074.60 1074.60
1C H,N-GCPFGLLKNK-CONH; 1074.60 1074.60
1D" H>N-FC(°P)FGLLKNK-CONH, 1164.65 1164.65
1E H>N-FCPFGLLKNK-CONH, 1164.65 1164.65
1F HoN-FCPYGLLKNK-CONH; | 1180.64 1180.64
1G H>N-FCPWGLLKNK-CONH, 1203.66 1203.66
1H H>N-YCPFGLLKNK-CONH, 1180.64 1180.64
11 H>N-YCPYGLLKNK-CONH, 1196.64 1196.64
1J H>N-YCPWGLLKNK-CONH; 1219.65 1219.65
1K H>N-WCPFGLLKNK-CONH, 1203.66 1203.66
1L H;N-WCPYGLLKNK-CONH; 1219.65 1219.65
1M HoN-WCPWGLLKNK-CONH; 1242.67 1242.67
1IN H>N-KNKLLGFCPF-CONH; 1164.65 1164.65
10 H>N-KNKLLGFCPFGLLKNK-CONH, 1818.07 1818.07
2-Cys HoN-VTLPSTCGAS-CONH; 933.46 933.46
3-Cys* Biotin-RRC-CONH; 658.32 658.32
3’-Cys*  Biotin-ENLYFQGCKKK-CONH- 1581.78 1581.78
4-Cyst FITC-(B-A)-GLRLKNKC-CONH; 1389.63 1389.63
5-Cys# HoN-Pra-TLPSTCGAS-CONH; 929.43 929.43
7-Pep HN-GGGGGNKRENLYFQGFCPF-CONH,  2045.95 2045.95
8-Pep HoN-FCPWGLPSTGG-CONH: 1119.52 1119.52

*DP represents D-proline.
#Biotin was installed as the last amino acid under flow.
TFITC was installed under batch conditions; B-A represents B-alanine.

*Pra represents L-propargylglycine.
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3.4.4. LC-MS analysis

LC-MS chromatograms and associated mass spectra were acquired using Agilent 6520

ESI-Q-TOF mass spectrometer. Following LC-MS methods were used:

Method A 1.C conditions: Zorbax 300SB Cs column: 2.1 x 150 mm, 5 pum, column
temperature: 40 °C, gradient: 0-2 minutes 5% B, 2-11 minutes 5-65% B, 11-12 minutes 65% B,
flow rate: 0.8 mL/min. MS conditions: positive electrospray ionization (ESI) extended dynamic
mode in mass range 300 — 3000 m/z, temperature of drying gas = 350 °C, flow rate of drying gas
= 11 L/min, pressure of nebulizer gas = 60 psi, the capillary, fragmentor, and octupole rf voltages

were set at 4000, 175, and 750, respectively.

Method B 1.C conditions: Zorbax 300SB Cs3 column: 2.1 x 150 mm, 5 um, column
temperature: 40 °C, gradient: 0-2 minutes 5% B, 2-21 minutes 5-65% B, 21-22 minutes 65% B,

flow rate: 0.8 mL/min. MS conditions are same as Method A.

Method C 1.C conditions: Zorbax 300SB Cs column: 2.1 x 150 mm, 5 pm, column
temperature: 40 °C, gradient: 0-2 minutes 5% B, 2-21 minutes 5-95% B, 21-22 minutes 95% B,

flow rate: 0.8 mL/min. MS conditions are same as Method A.

Method D 1.C conditions: Zorbax 300SB C; column: 2.1 x 150 mm, 5 pm, columh
temperature: 75 °C, gradient: 0-2 minutes 5% B, 2-11 minutes 5-65% B, 11-12 minutes 65% B,
flow rate: 0.8 mL/min. MS conditions: positive electrospray ionization (ESI) high mass mode in
mass range 1000 — 7000 m/z, temperature of drying gas = 350 °C, flow rate of drying gas = 10
L/min, pressure of nebulizer gas = 20 psi, the capillary, fragmentor, and octupole rf voltages were

set at 5000, 350, and 750, respectively.

Data were processed using Agilent MassHunter software package. Deconvoluted masses

of proteins were obtained using maximum entropy algorithm.

LC-MS data shown were acquired using Method A unless noted. Y-axis in all
chromatograms shown in supplementary figures represents total ion current (TIC) unless

noted; mass spectrum insets correspond to the integration of the TIC peak unless noted.
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3.4.5. Determination of reaction yields

All yields reported were determined by integrating TIC spectra. First, using Agilent
MassHunter software package, the peak area for all relevant peptidic species on the chromatogram
were integrated. Because no side product was generated in all experiments, the conversion of the
limiting reagent equals to the yield of the product. Then the yield was calculated as
following: %yield = %conversion = 1 - Sy/So where St is the peak area of the limiting reagent at

time t, and So is the peak area of the limiting reagent at time 0.
3.4.6. Preparation of S-perfluoroarylated electrophiles

Probes 2 and 3 are prepared as previously reported.*’
Synthesis of Probes 4—6

To 20 umoles of solid sample of thiol-containing probe (4-Cys, 5-Cys, or PEG2000-thiol)
dissolved in 100 mM NEt; in ImL of DMF in a plastic Eppendorf tube was added 800 pmoles of
decafluorobiphenyl. The tube was vortexed and sonicated to ensure complete reagent mixing and
dissolution, the reaction mixture was left at room temperature for 30 minutes. 1 pL. of each reaction
mixture was quenched by addition of 20 pL. of 50% A: 50% B and was then analyzed by LC-MS.
Resulting reaction mixtures were quenched by addition of 20 mL of 95% A: 5% B, excess
decafluorobiphenyl was precipitated as white solid. The resulting sample was centrifuged at 4,000
rpm for 10 minutes. The supernatant was filtered through 0.22 pm nylon syringe filter, and purified
by RP-HPLC.

LC-MS data for all starting materials and HPLC-purified products of probes 4 — 6 were

shown in Figure 3.42.
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Figure 3.42. Synthesis of perfluoroaryl probes.
Shown are LC-MS chromatograms for crude starting material and HPLC-purified products of
probes (a) 3°, (b) 4, (¢) 5, and (d) 6. Data in (d) were acquired using LC-MS Method C.
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Synthesis of 11-Biotin

The peptidic part (VTLPSTCGAS) of 11-Biotin was synthesized under flow using a Fmoc-
Cys(S-tBu)-OH amino acid. The (PEG)s linker and the biotin moiety were incorporated by

coupling Fmoc-(PEG)s-COOH and D-biotin to the resin under batch SPPS conditions (Figure 2.4a).

The perfluoroaryl group was installed using an on-resin perfluoroarylation procedure (Fig.
S29a). The S-rBu protecting group was removed on-resin by incubation of 300 mg of resin in 5
mL of DMF solution containing 280 mg of dithiothreitol (DTT) and 190 pL of triethylamine at 60
°C for 5 minutes. The resin was washed 4 times with DMF. Then 5 mL of DMF solution containing
450 mg of decafluorobiphenyl and 190 pL of triethylamine was added, and the reaction mixture
was rotated at room temperature for 1 hour. The resin was washed 4 times with DMF, 4 times with

DCM, and then dried in vacuo. The resulting product 11-Biotin was cleaved from the resin and

purified by RP-HPLC (Figure 2.4b) following standard procedures.
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Figure 3.43. Synthesis of 11-Biotin.
(a) Synthetic route. (b) LC-MS analysis of the purified product. Total ion current (TIC)

chromatogram was shown and the mass spectrum of the highest point of the TIC peak was shown

as insets.
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Synthesis of 11-MMAF

The peptidic part (VTLPSTCGAS) of 11-MMAF was synthesized under flow using a
Fmoc-Cys(StBu)-OH amino acid. The (PEG)s linker and the Arg-Cys moiety were incorporated
by coupling Fmoc-(PEG)s-COOH, Fmoc-Arg(Pbf)-OH, and Fmoc-Cys(Trt)-OH under batch
SPPS conditions (Figure 3.44a).

The perfluoroaryl group was installed using an on-resin perfluoroarylation procedure
(Figure 3.44a). The S-tBu protecting group was removed on-resin by incubation of 300 mg resin
in 5 mL of DMF solution containing 280 mg of dithiothreitol (DTT) and 190 pL of triethylamine
at 60 °C for 5 minutes. The resin was washed 4 times with DMF. Then 5 mL of DMF solution
containing 450 mg of decafluorobiphenyl and 190 pL of triethylamine was added, and the reaction
mixture was rotated at room temperature for 1 hour. The resin was washed 4 times with DMF, 4
times with DCM, and then dried in vacuo. The resulting product 11-Cys was cleaved from the

resin and purified by RP-HPLC following standard procedures.

MMAF was linked to the perfluoroaryl moiety by reacting 11-Cys with maleimide-MMAF
(Concortis Biosystems). To a solution of 3.6 mg 11-Cys in 500 pL Tris buffer (0.1 M, pH 8.0) was
added 20 pL of maleimide-MMAF (20 mM in DMSO) and 500 pL of acetonitrile. The reaction
mixture was vortexed for 20 seconds to allow proper mixing and was left at room temperature for
10 minutes. 20 pL of glutathione (250 mM in water) was added to quench the excess maleimide-
MMAF. The resulting mixture was directly purified by RP-HPLC to afford 11-MMAF (Figure
3.44b).
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Figure 3.44. Synthesis of 11-MMAF.
(a) Synthetic route. (b) LC-MS analysis of the purified product. Total ion current (TIC)
chromatogram was shown and the mass spectrum of the highest point of the TIC peak was shown

as insets.

230



3.4.7. Identification of the Phe-Cys-Pro-Trp sequence through library selection
Split-Pool Synthesis

All split-pool syntheses were performed using batch SPPS conditions. Peptides were
synthesized on aminomethyl polystyrene resins. 1 gram of resin was used for the library synthesis.
The C-terminal fixed region (Gly-Leu-Leu-Lys-Rink) was synthesized using the following
protocol for each amino acid. Amino acids and the rink amide linker were incorporated into peptide
sequence through a cycle of coupling, wash, deprotection, and wash steps. Procedure for the
coupling of amino acid included a 20 minutes coupling with 5 mmol Fmoc-L-amino acid, 5 mmol
HATU, and 2.5 OL of DIEA in 12.5 mL of DMF. After coupling, the resin was washed with DMF
(4 times). 20 mL of piperidine (20% (v/v) in DMF) was added to the resin for 10 minutes (twice:
5 min each). The resin was washed with DMF (4 times) and then subjected to coupling of the next
amino acid. The DIEA amount for coupling of the fixed cysteine was decreased to 950 uL to

prevent racemization.

For coupling of each amino acid in the variable region, the resins were first split into 19
portions into 10 mL fritted syringes. 0.2 mmol Fmoc-L-amino acid, 0.2 mmol HATU, and 100 pL
of DIEA in 500 pL of DMF were added to the resins for coupling of each amino acid. The DIEA
amount for coupling of tryptophan and histidine was decreased to 38 pL to prevent racemization.
After coupling, the resins were washed with DMF (4 times) and were combined. 20 mL of
piperidine (20% (v/v) in DMF) was added to the resin for 10 minutes (twice: 5 min each). The

resin was washed with DMF (4 times) and then subjected to coupling of the next amino acid.

After the spilt-pool synthesis, the resins were washed 4 times with DCM and were dried
under vacuum. The crude peptide was obtained using previously mentioned cleavage protocol (see
the Peptide Synthesis section). The lyophilized crude peptide library was used directly in reactions

with biotin-perfluoroaryl probe without any further purification.
Library Reaction and Selection

200 pL of the peptide library (1 mg/mL in 0.5 M phosphate buffer, 50 mM TCEP, pH 8.0)
was incubated with the probe 3’ (1 mM) at room temperature for 30 minutes. After the reaction,
streptavidin magnetic beads (Pierce Biotechnology, 100 pL in PBS) were added to the resulting

solution to capture the reacted peptide hits. After incubation at room temperature for 30 minutes,
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the beads were washed 3 times with phosphate buffer (0.1 M, pH 8.0), 3 times with TEV protease
buffer (50 mM Tris, 0.5 mM EDTA, 1 mM DTT, pH 8.0). The beads were incubated with 500 pL
of TEV protease (0.1 mg/mL in TEV protease buffer) overnight at room temperature. The
supernatant was collected and was subjected to LC-MS/MS analysis for peptide sequencing. The
compound mass list was generated using Agilent MassHunter software package. The identified
compounds were manually matched to the mass of possible peptide sequences generated using

Microsoft Excel.

First round of selection generated three possible hits with sequences Phe-Cys-Pro-Trp,
Phe-Cys-lIle/Leu-Ile/Leu, and Phe-Cys-Ile/Leu-Met. We resynthesized these three hits and only
Phe-Cys-Pro-Trp was identified to be the positive hit with the improved reactivity with the
perfluoroaryl electrophile (Figure 3.3). This sequence was investigated further as described in

Results section 3.1.2.
3.4.8. Preparation of protein 7

Protein 7 was prepared via sortagging reaction between 1C-LFn-DTA-LPSTGGHiss (7-
pro) and G5-TEVsite-n-clamp peptide (7-pep). The synthetic scheme and results are shown in

Figure 3.45. Experimental protocols are described below.
Expression and Purification of 1C-LFN-DTA-LPSTGG- Hiss (7-pro) in E. Coli

pET-SUMO-LFn-DTA-LPSTGG-Hiss plasmid was constructed as reported previously.®?
The N-terminal cysteine was introduced by site-directed mutagenesis using QuickChange
Lightning Single Site-directed Mutagenesis Kit (Agilent) following the manufacturer’s
instructions. The generated pET-SUMO-1C-LFn-DTA-LPSTGG-Hiss construct encodes for the
following protein sequence (LFn is highlighted in green, DTa is highlighted in blue, and N-

terminal cysteine is highlighted in red):
IC-LFn-DTA-LPSTGG-Hiss

CGGHGDVGMHVKEKEKNKDENKRKDEERNKTQEEHLKEIMKHIVKIEVKGEEAVKKEAAEKLLEKVPSDV
LEMYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDIYGKDALLHEHYVYAKEGYEPVLVIQSSEDYVEN
TEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTIKNASDSDGQDLLFTNQLKEHPTDFSVEFLEQNS
NEVQEVFAKAFAYYIEPQHRDVLQLYAPEAFNYMDKFNEQEINLSLEELKDQRSGRELERGADDVVDSSK
SFVMENFSSYHGTKPGYVDSIQKGIQKPKSGTQGNYDDDWKGFYSTDNKYDAAGYSVDNENPLSGKAGGV
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VKVTYPGLTKVLALKVDNAETIKKELGLSLTEPLMEQVGTEEFIKRFGDGASRVVLSLPFAEGSSSVEYI
NNWEQAKALSVELEINFETRGKRGQDAMYEYMAQASAGNRLPSTGGHHHHH

E. coli BL21(DE3) cells transformed with pET-SUMO-1C-LFn-DTA-LPSTGG-Hiss
plasmid were grown in 1 L of LB medium containing kanamycin (30 pg/mL) at 37 °C until ODsoo
= 0.6. Then, expression was induced by addition of 0.5 mM IPTG overnight at 30 °C. After
harvesting the cells by centrifugation (6,000 rpm for 10 min), the cell pellet was lysed by sonication
in 25 mL of 50 mM Tris and 150 mM NaCl (pH 7.5) buffer containing 15 mg lysozyme
(Calbiochem), 1 mg DNase I (Sigma-Aldrich), and 0.5 tablet of protease inhibitor cocktail (Roche
Diagnostics, Germany). The suspension was centrifuged at 17,000 rpm for 30 min to remove cell
debris. The supernatant was loaded onto a 5 mL HisTrap FF crude Ni-NTA column (GE Healthcare,
UK), first washed with 40 mL of 20 mM Tris and 150 mM NaCl (pH 8.5), and then washed with
40 mL of 40 mM imidazole in 20 mM Tris and 150 mM NaCl (pH 8.5). The protein was eluted
from the column with buffer containing 500 mM imidazole in 20 mM Tris and 150 mM NaCl (pH
8.5). Imidazole was removed from protein using a HiPrep 26/10 Desalting column (GE Healthcare,
UK), the protein was eluted into 20 mM Tris and 150 mM NaCl (pH 7.5) buffer. The protein was

analyzed by LC-MS to confirm its purity and molecular weight.

SUMO group on SUMO-1C-LF~n-DTA-LPSTGG-Hiss was cleaved by incubating 1 pg of
SUMO protease per mg of protein at room temperature for 60 minutes. The crude reaction mixture
was loaded onto a 5 mL HisTrap FF crude Ni-NTA column (GE Healthcare, UK) and the flow
through containing 1C-LFn-DTA-LPSTGG-Hiss was collected. The protein was analyzed by LC-

MS confirming sample purity and molecular weight.
Sortagging Reaction with G5-TEVsite-m-clamp peptide (7-pep)

Sortagging reaction was performed on a 250 pL scale using triple mutant sortase (SrtA*)
evolved by Chen, et al®. Reaction conditions are: 100 uM 7-pro, 1 mM 7-pep, 5 uM SrtA*, SrtA*
buffer (10 mM CaClz in 50 mM Tris and 150 mM NaCl), 5 mM TCEP (pH 7.5). The reaction
mixture was incubated at room temperature for 30 minutes, 1 pL of the reaction mixture was
quenched by the addition of 20 pL of 50% A: 50% B and was analyzed by LC-MS to confirm the
completion of the reaction. Then 100 pL of Ni-NTA was added, and the mixture was further

incubated at room temperature for 15 minutes to remove SrtA* and G-Hiss fragment. The mixture
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was centrifuged for 1 min at 17,000 rpm to remove Ni-NTA beads. The supernatant was buffer
exchanged for three times with 20 mM Tris and 150 mM NaCl (pH 7.5) using Amicon Ultra
concentrator (EMD-Millipore) to remove excess 7-pep. The concentrated protein sample was
analyzed by LC-MS to confirm its purity and molecular weight. Resulting protein 7 has the
following sequence (LFN is highlighted in green, DTa is highlighted in blue, N-terminal cysteine
is highlighted in red, and the TEV site is highlighted in orange)

Protein 7

CGGHGDVGMHVKEKEKNKDENKRKDEERNKTQEEHLKEIMKHIVKIEVKGEEAVKKEAAEKLLEKVPSDV
LEMYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDIYGKDALLHEHYVYAKEGYEPVLVIQSSEDYVEN
TEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTIKNASDSDGQDLLFTNQLKEHPTDFSVEFLEQNS
NEVQEVFAKAFAYYIEPQHRDVLQLYAPEAFNYMDKFNEQEINLSLEELKDQRSGRELERGADDVVDSSK
SFVMENFSSYHGTKPGYVDSIQKGIQKPKSGTQGNYDDDWKGFYSTDNKYDAAGYSVDNENPLSGKAGGV
VKVTYPGLTKVLALKVDNAETIKKELGLSLTEPLMEQVGTEEFIKRFGDGASRVVLSLPFAEGSSSVEYI
NNWEQAKALSVELEINFETRGKRGQDAMYEYMAQASAGNRLPSTGGGGGNKRENLYFQGFCPF - CONH>

a b 7-pro disulfide dimer
o 7-pro 7-pep gl 7-pro disulfide dimer
H2N \)km LFy-DT4 J-LPSTGGH; + GsNKRENLYFQGFCPF -CONH,
-
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Figure 3.45. Preparation of protein 7.
(a) Scheme for synthesis of protein 7 via sortagging reaction. (b) LC-MS chromatograms and
deconvoluted protein masses for starting material (top), crude sortagging reaction before

purification (center), and purified protein 7 (bottom).
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3.4.9. Expression and purification of Sortase A variants

pET-21b-SrtA-Hiss plasmid was constructed as reported previously.®® pET-21b-FCPF-
SrtA-Hiss plasmid with the n-clamp inserted between *Gly and ®Gly was constructed by site-
directed mutagenesis using QuickChange Lightning Single Site-directed Mutagenesis Kit
(Agilent) following the manufacturer’s instructions. Sequences of SrtA (9) n-Clamp SrtA (8) are

(m-clamp is highlighted in blue and active-site cysteine of SrtA is highlighted in red):
SrtA (9)

ASMTGGQQMGRDPNSQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATSEQLNRGVSFAEENESLDDQN
ISTAGHTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTDVEVLDEQKGKDKQLTLITC
DDYNEKTGVWETRKIFVATEVKLEHHHHHH

m~Clamp SrtA (8)

ASMTGFCPFGQQMGRDPNSQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATSEQLNRGVSFAEENESL
DDQNISIAGHTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTDVEVLDEQKGKDKQLT
LITCDDYNEKTGVWETRKIFVATEVKLEHHHHHH

E. coli BL21(DE3) cells transformed with sortase plasmids were grown in 1 L of LB
medium containing kanamycin (30 pg/mL) at 37 °C until ODesoo = 0.6. Then, expression was
induced by addition of 0.5 mM IPTG overnight at 30 °C. After harvesting the cells by
centrifugation (6,000 rpm, 10 min), the cell pellet was lysed by sonication in 25 mL of 50 mM Tris
and 150 mM NacCl (pH 7.5) containing 15 mg lysozyme (Calbiochem), 1 mg DNase I (Sigma-
Aldrich), and 0.5 tablet of protease inhibitor cocktail (Roche Diagnostics, Germany). The
suspension was centrifuged at 17,000 rpm for 30 min to remove cell debris. The supernatant was
loaded onto a 5 mL HisTrap FF crude Ni-NTA column (GE Healthcare, UK), first washed with 40
mL of 20 mM Tris and 150 mM NacCl (pH 8.5), and then washed with 40 mL of 40 mM imidazole
in 20 mM Tris and 150 mM NaCl (pH 8.5). The protein was eluted from the column with buffer
containing 500 mM imidazole in 20 mM Tris and 150 mM NaCl (pH 8.5). Imidazole was removed
from the protein using a HiPrep 26/10 Desalting column (GE Healthcare, UK), protein was eluted
into 20 mM Tris and 150 mM NaCl (pH 7.5). The proteins were analyzed by LC-MS to confirm

their purity and molecular weight.
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3.4.10. Expression and purification of antibodies

The gWiz-trastuzumab-HC-GFCPF and the gWiz-C225-HC-GFCPF plasmids were
constructed by inserting the n-clamp at the C-terminus of the trastuzumab and C225 respectively
following a glycine linker, using the QuickChange Lightning Single Site-directed Mutagenesis Kit
(Agilent) per manufacturer’s protocol. The light chain and heavy chain sequences for the
trastuzumab, m-clamp-trastuzumab (10), C225, n-clamp-C225 (12) are listed below (the m-clamp

is highlighted in blue and the trastuzumab cysteines are highlighted in red):
Trastuzumab-Light Chain

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTD
FTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN
FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS
FNRGEC

Trastuzumab-Heavy Chain

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTI
SADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSG
GTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPS
NTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNW
YVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQ
VYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRW
QQGNVFSCSVMHEALHNHYTQKSLSLSPGK

m-Clamp-Trastuzumab (10)-Light Chain

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTD
FTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN
FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS
FNRGEC

n-Clamp-Trastuzumab (10)-Heavy Chain

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTI
SADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSG
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VDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQV
YTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQ
QGNVFSCSVMHEALHNHYTQKSLSLSPGKGFCPF

The antibodies were expressed via transient transfections of HEK293F cells (Invitrogen)
as previously described,* and purified using Protein A affinity chromatography (Genscript)
following manufacturer’s instructions. The purified IgGs were analyzed by LC-MS to confirm
their molecular weight and purity, and stored in phosphate buffer saline (PBS) at -80 °C. Mass
spectrometry analysis of the intact antibody indicates that the n-clamp-C225 (12) is expressed with
the n-clamp cysteine residues capped by a disulfide bond with free cysteines (Figure 3.46).
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Figure 3.46. LC-MS analysis of intact C225 antibodies.

(a) Observed mass difference between intact IgG (11) and t-clamp IgG (10) matches the calculated
mass difference assuming that the m-clamp cysteines are capped by disulfide bond with free
cysteines. (b) TIC spectrum for IgGs analyzed. (¢) Mass spectra obtained by integration of the

whole TIC peaks. (d) deconvoluted mass spectra for IgGs. Data were acquired using LC-MS
Method D.
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3.4.11. Kinetic studies on n-clamp and controls

All reactions are performed on a 10-pL scale. For each peptide, reactions are quenched by
addition of 100 uL of 50% A: 50% B at time point 0 min, 2 min, 5 min, 10 min, 20 min, and 30
min and then analyzed by LC-MS. TIC chromatograms for all reactions were shown in Figure 3.6

to Figure 3.12, Figure 3.15, and Figure 3.16.

The reaction yield at each time point was calculated as described in section 1e. The second-

order rate constants (k2) were determined by fitting the data to the following equation:

( n [peptide]o[probe]t)
_ \""[peptide].[probel,) _ It
([probe), — [peptidely)

where [peptide]o and [probe]o are the initial concentrations of the peptide and the probe;

and [peptide]: and [probe]: are the concentrations of the peptide and the probe at time 7.

All kinetic curves generated using OriginPro 8.0 software package are summarized in

Figure 3.5.
3.4.12. Non-selective biotinylation of antibodies

Trastuzumab, C225, n-clamp-trastuzumab (10), and m-clamp-C225 (12) were linked to
biotin through reactions with Biotin-(PEG)s-NHS (Life Technologies). A solution of EZ-Link
NHS-(PEG)4-Biotin (10 pL, 200 uM in PBS) was added to the corresponding protein (10 pL, 20
UM in PBS), after which the reaction mixture was pipetted up and down for 20 times to allow
proper mixing and was left at room temperature for 30 minutes. The crude reaction mixture was
buffer exchanged with PBS for 5 times to remove the excess of NHS-(PEG)s-Biotin. LC-MS
analysis of the biotinylated m-clamp-traszutumab (10-(PEG)4-Biotin) showed that the biotin-to-

antibody ratio was around 1.6 (Figure 3.47).
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Figure 3.47. Non-selective biotinylation of antibody.

3.4.13. BioLayer interferometry binding assay

In vitro binding assays were performed using Fortebio Octet BioLayer Interferometry
system at 37 °C. Briefly, streptavidin tips were dipped into 200 pL of biotin-linked antibody
solution (20 nM of 10-Biotin or trastuzumab-(PEG)4-Biotin in PBS with 0.1% BSA and 0.02%
tween) for the loading of the antibodies. The tips loaded with antibody were sampled with
recombinant HER2 (R&D Systems) at various HER2 concentrations in PBS with 0.1% BSA and
0.02% tween to obtain the association curve, buffer only serves as the reference. After association,
the tips were dipped into PBS with 0.1% BSA and 0.02% tween to obtain the dissociation curve.
Following the protocols provided by Fortebio Biosystems, the association and dissociation curves
of each sample were manually fitted using Solver in excel to obtain the Kp. The final Kp was
reported as the average of the Kp obtained from experiments with serially diluted HER2 (Figure
3.30).

3.4.14. Flow cytometry

Cells were seeded in 96-well V-bottom plates at a density of 20,000/well. Cells were spun
down and washed with 150 puL of PBSA (phosphate buffer saline with 0.1% BSA). Cells were
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then treated with 100 pL of biotin-linked antibodies or controls (20 nM in PBSA) for 1 hour on
ice. Cells were spun down, washed with PBSA, and then treated with either streptavidin-
AlexaFluro-647 or antiHuman Fc-AlexaFluro-488 for 30 minutes on ice. Cells were spun down,
washed with PBSA, and then suspended in 100 pL of PBSA and analyzed by the Accuri C6 (BD
Biosciences) flow cytometer in the CEHS Instrument Facility of MIT. All experiments were done

in triplicate.
The flow cytometry results were summarized in Figure 3.31 to Figure 3.34.
3.4.15. Cell viability assay

Cells were seeded in 96-well white opaque plate at a density of 5 x103/well (CHO) or 10
x10°/well (BT474). Cells were allowed to attach for 24 hours at 37 °C and 5% CO> in humidified
atmosphere. Cells were then treated with serial dilutions of auristatin F, 10-MMAF, or 10 for 96
hours (BT474) or 72 hours (CHO, treatment time was shortened to prevent overgrowth). The
viability of cells was measured using CellTiter Glo reagents following the manufacturer’s protocol
and was normalized to the viability of cells without any treatment. The data were plotted using
OriginLab software and the ECso values were obtained by fitting the viability curves with a

sigmoidal Boltzmann fit.
3.4.16. Molecular dynamics simulation

Molecular dynamics simulations were performed on the n-clamp peptide 1E. The double

glycine mutant peptide 1A was also studied as a control.

Calculations were performed using the GROMACS 4.6.55 molecular dynamics package.
The peptide was described by the AMBER 2003 force field. This force field was chosen because
it best reproduced the Ramachandran plot proline, a key structural feature in the n-clamp sequence,
when compared to CHARMM 2.7% OPLS-AA®7°, and GROMOS96 45A37!. In addition, it has
been shown to be accurate for dispersive interactions between phenylalanine and sulfur’>7,
presumably the main interaction in the T-clamp. We sampled the peptide structure with the proline
adopts both a cis conformation (Figure 3.39) and a trans conformation (Figure 3.40) The peptide
was solvated in 3382 explicit TIP3P7* waters. Periodic boundary conditions were employed in a

(4.7 nm)? simulation box. Simulations were performed in the NVT ensemble with temperature set

to 300 K and enforced by the Nose-Hoover thermostat’’®, Simulations were run for 500 ns with
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a time step of 2 fs. The linear peptide (¢ = v = 180°) was used as the initial configuration and
equilibrated for 50 ns. For heat map shown in Figure 3.39 and Figure 3.40, sampling was

performed at 10 ps intervals.

We pick the MD structures from the cis-proline to further investigate their arylation
reaction energy pathway using DFT calculations. Four clamp structures (clamp_A — D), three half-
clamp structures (Phe-4 interacting with perfluoroaryl group, Phe-1 interacting with sulfur, half-
clamp A — C), two open structures (open_A and B), and one double glycine mutant structure were

optimized with DFT. These MD structures are shown in Figure 3.48.

Half-Clamp_A

-

Open_A Open_B

Figure 3.48. MD Snapshots used as starting tetra-peptide structures in DFT calculations.
Dotted red lines show the distance between the center of each phenyl ring and the sulfur atom of

cysteine. Note only the Phe-Cys-Pro-Phe part of the peptide is shown for clarity.
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3.4.17. Density functional theory calculation

177 software package. To

All DFT computations were carried out using the Q-Chem 4.
reduce the computational cost, we deleted the redundant sequence and only kept the nt-clamp or
Gly-Cys-Pro-Gly as the cysteine peptide part, and kept perfluorobiphenyl thiol (II) as the
perfluoroaryl probe for DFT calculation. The initial geometries used were were obtained from
snapshots in MD simulation. The free energy (AG) was calculated as: AG = Eproduct + EHF - Epeptide
- Eperfluoroaromatics, where Eproduct is the energy of the arylated product, Eur is the energy of the
solvated hydrogen fluoride, Epeptide is the energy of the cysteine peptide (n-clamp or double glycine
control), and Eperfluoroaromatics i the energy of perfluorobiphenyl thiol. We extracted 4 snapshots
from MD simulations for different starting structures of peptides in DFT calculations. For the

product’s starting structure, we manually connected the perfluoroaryl group to the cysteine of

peptide.

In each case, four gas-phase geometry optimizations were performed on structures sampled
from the MD trajectory, using the B3LYP exchange-correlation functional”® in the 6-31G* basis
set”. To account for n-m interactions, we also include Grimme’s DFT-D3 empirical dispersion
correction®® for the optimization. Once a potential energy minimum was located, we refined the
energy by preforming a single point energy calculation with the more accurate combination of the
rPW86 exchange functional®!, the PBE local correlation functional®?, and the VV10 non-local
correlation functional®® to accurately handle the long-range dispersions critical to the m-m
interactions. For these calculations, we also employed the larger 6-31G** basis set’® and a large
non-local integration grid (Lebedev, 75 radial points, 302 angular points)**. We then calculated
the binding energies in both the gas phase and in water. We approximate the latter by the
polarizable continuum model (PCM)??, using 302 PCM grid points and a dielectric constant of
78.39. The optimized product geometries obtained from DFT calculations are shown in Figure

3.49, and the calculated free energy results are summarized in Table 3.2.
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Clamp_B Clamp_D

Half-Clamp_A Half-Clamp_B Half-Clamp_C

Open_A Open_B

Figure 3.49. Optimized product geometries obtained from DFT calculations.

For clamp and half-clamp structures, dotted lines show the distance from the perfluoroaryl ring to
the phenyl ring of Phe-4 and the distance from cysteine sulfur to the phenyl ring of Phe-1. For
other structures, dotted red lines show the distance between the center of each phenyl ring and the

sulfur atom of cysteine.
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Table 3.2. Calculated free energies of reactions with structures obtained from MD

simulation.

Structure Gas Phase A | (kcal/mol) PCM Solvated A! | (keal/mol)
Clamp_A -12.97 -15.22
Clamp_B -12.60 -15.61
Clamp_C -17.22 -19.61
Clamp_D -13.20 -16.62
Clamp Average -14.00 -16.76
Half-Clamp_A -11.89 -14.57
Half-Clamp_B -11.80 -14.81
Half-Clamp_C -11.32 -15.80
Half-Clamp Average -11.67 -15.06
Open_A -7.16 -9.36
Open_B -5.69 -9.78
Open Average -6.43 -9.57
GCPG -6.83 -9.48
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We’ve also computed the activation energy for the formation of the transition state for the
n-clamp (Figure 3.39) and the double glycine control (Figure 3.50). Transition state (TS) searches
were performed at the B3BLYP/DFT-D3/6-31G* level of theory, using a Hessian eigenvector
following method®. Following the TS search, we carried out a vibration frequency calculation at
the same level of theory to confirm the structure was a first-order saddle point. The activation
energy (AE) was calculated as: AE = Ers— Epeptide — Eperfluoroaromatics, Where Ets is the energy of the
transition state. All single point calculations were performed using the long-range corrected
version (LC-VV10) of the method we used previously for binding energy single point calculations

in both gas phase and PCM water. The calculated activation energies are summarized in Table 3.3.
jjé%

GCPG (I') GCPG TS () GCPG_product (IV’)

Figure 3.50. Optimized geometries for the starting peptide, the transition state, and the
product for the double glycine mutant tetra-peptide (Gly-Cys-Pro-Gly).

The free energy of reaction pathway is shown in Figure 3.41.

Table 3.3. Calculated activation energies for the formation of transition state from the 7-

clamp and the double glycine control.

Structure Gas Phase AE (kcal/mol) PCM Solvated AE (kcal/mol)
n-clamp 0.56 9.29

GCPG 5.84 1250

Difference 5.28 321
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Chapter 4. Organometallic palladium reagents for cysteine arylation

The work presented in this chapter is a part of the following manuscripts and is reproduced here

with permission from the Nature Publication Group and Macmillan Publishers Limited.

Vinogradova, E. V.*; Zhang, C.*; Spokoyny, A. M.; Pentelute, B. L.#; Buchwald, S. L.*
Organometallic Palladium Reagents for Cysteine Bioconjugation

Nature 2015, 526, 687-691. DOI: 10.1038/nature15739

*These authors contributed equally

#Co-corresponding authors

256



4.1. Introduction

Post-translational modifications greatly expand the function of proteins.! Chemists aim to
mimic nature's success through the development of chemo- and regioselective reactions of proteins.
The diversity of potentially reactive functional groups presents in biomolecules (e.g., amides, acids,
alcohols, amines) combined with the requirement for fast kinetics and mild reaction conditions
(e.g., aqueous solvent, pH 6-8, T<37 °C) set a high bar for the development of new techniques to
functionalize proteins. Nevertheless, methods have emerged for bioconjugation with natural and
unnatural amino acids in protein molecules.>® Cysteine is a key residue for the chemical
modification of proteins owing to the unique reactivity of the thiol functional group and the low
abundance of cysteine residues in naturally occurring proteins.*> Michael addition to maleimides
and SN2 reaction with alkyl halides are commonly used for cysteine modification. The resulting
conjugates tend to decompose in the presence of external bases or thiol nucleophiles,® which
prompted the recent development of advanced cysteine bioconjugations for the improved stability

of the conjugates.’

The ability to achieve high levels of chemo- and regioselectivity through the judicious
choice of metal and ligand design suggest metal-mediated processes could be very attractive for
the development of new bioconj.ugations. Existing metal based transformations often rely on the
use of functional handles® or unnatural amino acids such as 4-iodophenylalanine, aldehyde- or

alkyne-containing amino acids,’ !

and require high concentrations (mM) of derivatizing agents,
which can cause off-target reactivity or purification problems. We hypothesized that palladium
complexes resulting from the oxidative addition of aryl halides or trifluoromethanesulfonates!?
could be used for the transfer of aryl groups to cysteine residues in proteins (Fig. 1a).!* The
efficiency and selectivity of the proposed reaction with the highly active palladium species may
be hampered by the presence of a variety of functional groups within complex biopolymers.'#!3
However, we envisioned that careful choice of ligand would provide stable, yet highly reactive
reagents for the desired transformations (Figure 4.1b), while the interaction between the soft

nucleophile cysteine thiol and the aryl palladium(II) species would guide its selectivity.
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4.2. Results

Here we report that palladium(IT) complexes can be used as storable reagents for efficient
and highly selective cysteine conjugation (Figure 4.1). The bioconjugation is fast and robust across
a range of biocompatible reaction conditions. The straightforward synthesis of the palladium
reagents from diverse and easily accessible aryl halide and trifluoromethanesulfonate precursors
makes the method highly practical, providing access to a large structural space for protein
modification. The resulting aryl bioconjugates are stable towards acids, bases, oxidants, and
external thiol nucleophiles. The broad utility of the new bioconjugation platform was further
corroborated by the synthesis of novel classes of stapled peptides and antibody-drug conjugates.
Thus, these palladium complexes (Figure 4.1b) show potential as a new set of benchtop reagents

for diverse bioconjugation applications.
4.1.1. Reactions of organometallic palladium reagents with model peptides

We began our study with a palladium-tolyl complex (1A-OTf) using 2-
dicyclohexylphosphino-2',6'-diisopropoxybiphenyl ~ (RuPhos) as the ligand and
trifluoromethanesulfonate as the counterion (Figure 4.1b). A model peptide (P1) was used for the
optimization of the reaction conditions and for exploration of the substrate scope. Full conversion
of the starting peptide to the corresponding aryl product was observed in less than 5 minutes at
low micromolar concentrations of reagents (Figure 2.1a). Further, the reaction was selective for
cysteine. No reaction was observed using a control peptide wtih cysteine mutated to serine (Figure
2.1b), in contrast to the palladium-mediated protein allylation, which is selective for tyrosine (O-
allylation) over lysine and cysteine (N- and S-allylation).!® These results highlight the importance
of the ligand choice to facilitate C—S reductive elimination and the electrophilicity of the palladium

center to tune the selectivity of the transformation.
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OH (SH,) COOH v" chemoselective
Ar S ~Ar ¥" benign conditions
L n@’ + - > v broad substrate scope
X éiomole% v stable products
v" low pM concentrations
v’ fast kinetics

(RuPhos)Pd(Ar)XP

X =1, Br, Cl, OTf
| solid storable reagents )

Figure 4.1. Organometallic palladium reagents for cysteine bioconjugation.

(a) Proposed cysteine bioconjugation using palladium reagents; (b) Palladium reagents for
cysteine bioconjugation: X-ray structure, storage and operational simplicity. The crystal structure
shows an example of palladium complexes made. “Crystals were obtained by vapor diffusion of
an EO/CH:iCN solution of 1A-OTf with pentane. "RuPhos = 2-dicyclohexylphosphino-2',6'-
diisopropoxybiphenyl.
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Figure 4.2. Organometallic palladium reagents for reactions with a cysteine peptide and a
serine control.

(a) Model reaction with a peptide substrate and the LC-MS trace of the crude reaction mixture
after 5 min. The mass spectrum of the arylated product is shown in the inset. Peptide P1 sequence:
NH2-RSNFYLGCAGLAHDKAT-C(O)NHa. Reaction conditions: P1 (10 uM), complex 1A-OTf
(20 uM), Tris buffer (100 mM; pH 7.5), CH3CN : H20 = 5 : 95, rt. The reaction was quenched by
the addition of 3-mercaptopropionic acid (3 equivalents to 1A-OTf) before LC-MS analysis. (b)

Reaction with the serine control peptide.
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Most cysteine conjugation reactions operate at nearly neutral to slightly basic pH values.
Further evaluation of the reaction conditions using palladium reagents revealed quantitative
conversion of the starting peptide to the corresponding S-aryl cysteine conjugate within a broad
pH range (5.5 — 8.5) using common organic cosolvents (5% of DMF, DMSO, CH3CN) in various
buffers (Table 4.1, entries 3, 4, 5, 13, and 14). Remarkably, even in 0.1% TFA solution (pH 2.0)
the reaction yielded 59% of the S-arylated product after 7 hours (Table 4.1, entry 17). The process
was also compatible with the protein disulfide reducing agent tris(2-carboxyethyl)phosphine
(TCEP, Table 4.1, entry 20) that has been shown to hamper bioconjugations by reacting with

maleimide and a-haloacyl groups.!”

The palladium mediated conjugation is fast and complete product formation occurs within
15 seconds at 4 °C. The reaction rate was estimated by competition experiments against the
commonly used N-methyl maleimide cysteine ligation (Figure 4.3).!® At pH 7.5 the rate of the
palladium-mediated reaction was comparable to that of the maleimide ligation, where 70% of the
products resulted from the reaction with palladium-tolyl complex (1A-OTf). Notably, the
palladium-mediated conjugation outperformed the maleimide ligation at pH 5.5 where only the

arylated product was formed.

The optimized conditions (0.1 M Tris buffer, 5% CH3CN, pH 7.5, room temperature) were
used for further evaluation of the substrate scope. Palladium complexes containing chloride,
bromide and iodide counterions were all found to produce the desired product (Figure 4.4, 1A-Cl,
1A-Br, and 1A-I). This method can be used to functionalize unprotected peptides with a variety
of important groups including fluorescent tags (1C, 1D), affinity labels (1E), bioconjugation
handles (aldehyde 1F, ketone 1G, and alkyne 1H), photochemical crosslinkers (1I), complex drug

molecules (1J), and vinyl groups (1- vinyl, see Experimental section Figure 4.26).

Importantly, the palladium(I) complexes are stable under ambient conditions, and can be
stored in closed vials under air at 4 °C for over four months. Long-term stability of 1A-I, 1A-Br,
1A-Cl, and 1A-OTf was evaluated using NMR, where only the complex bearing the
trifluoromethanesulfonate counterion (1A-OTf) showed somé degradation (<15%) after 20 weeks
(see Experimental section 4.4.12 for details). Nevertheless, the “aged” reagents still exhibited

reactivity comparable to the freshly made complexes (Figure 4.5).
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Table 4.1. Evaluation of reaction conditions.?

Entry Buffer Peptide Conc. pH Solvent Yield

1 100 mM Tris 1 mM 8.5 H20:CH3CN (2:1) 93 %

2 100 mM Tris 100 pM 8.5 H20:CH3CN (95:5) 85 %

3 100 mM Tris 10 pM 8.5 H:20:CH3CN (95:5) >99 %
- 100 mM Tris 10 uM 8 H20:CH3CN (95:5) >99 %
5 100 mM Tris 10 uM Ty H:O0:CHiCN(95:5) >99 %
6 100 mM HEPES 10 uM 7.5  H20:CH3CN (95:5) >99 %
7 100 mM MOPS 10 uM 7.5  H20:CH3CN (95:5) >99 %
8 ;igﬂm%4 p— 10 uM 75 H0:CH;CN (95:5)  >99%
9 25 mM Tris 10 pM 7.5  H20:CH3CN (95:5) 93 %

10 100 mM Tris 10 uM 7 H20:CH3CN (95:5) 84 %

11° 200 mM Tris 10 uM 7 H20:CH3CN (95:5) 91 %

12 100 mM MOPS 10 pM 7 H20:CH3CN (95:5) >09 %
13 100 mM MOPS 10 uM 6.5 Hx0:CH3CN (95:5) >99 %
14 100 mM MES 10 pM 5.5 H20:CHsCN (95:5) 95 %

15° 100 mM MES 10 uM 5.5 H20:CHsCN (95:5) >99 %
16 0.1 % TFA 10 uM 2.0 HxO:CHsCN (95:5) 18 %

174 0.1 % TFA 10 uM 2.0 Hx0:CHsCN (95:5) 59 %

18 100 mM Tris 10 uM 7.5 H20:DMF (95:5) >99 %
19 100 mM Tris 10 uM 7.5 H20:DMSO (95:5) >99 %
20° 100 mM Tris 10 pM 7.5 H20:CH3CN (95:5) >09 %

30Optimal conditions used for further substrate scope evaluation are highlighted in grey; ®Further
increase in the molarity of the Tris buffer (400 mM) did not have an effect on the product yield.
°Reaction time: 10 min; YReaction time: 7 h 20 min; “Reaction performed in the presence of
TCEP (20 uM). Method for calculating yields is described in Experimental section 4.4.4. See

Experimental section 4.4.9 for the LC-MS chromatograms of these reactions.
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Figure 4.3. Competition experiments comparing the rates of palladium reagents and

maleimides at different pH values.

LC-MS TIC curves for the experiments evaluating relative rates of cysteine bioconjugation with

N-ethyl maleimide and palladium reagent 1A-OTf at (a) pH 7.5 and (b) pH 5.5.
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Figure 4.4. The substrate scope of cysteine arylation using organometallic palladium

reagents.
Full conversion of starting peptide P1 into the corresponding arylated products was observed in

all the cases as confirmed by LC-MS. For exact reaction procedures and conditions and LC-MS

chromatograms, see Experimental section 4.4.10.
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Figure 4.5. LC-MS analysis of a crude reaction using "aged" 1A-OTf reagent.
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4.1.2. Stability of aryl-thiol linkages versus alkyl-thiol linkages in peptides

The stability of our arylated peptides was compared to that of conjugates formed from
reactions with reagents including N-ethyl maleimide, 2-bromoacetamide, and benzyl bromide. The
S-arylated peptide was shown to be stable toward acids, bases, and external thiol nucleophiles
(Table 4.2). In contrast, the corresponding acetamide derivative was unstable under acidic and
basic conditions and the maleimide conjugate decomposed in the presence of base and exogenous
thiol. Finally, comparable stability of both aryl and benzyl conjugates to treatment with the
periodic acid oxidant at 37 °C was observed. However, additional tuning of the electronic
properties of the aromatic ring of the arylated peptide by installing a para-electron withdrawing
cyano-group could be achieved. This modification significantly decreased the amount of oxidation
producing the most stable peptides across all the evaluated conjugates. Notably, installing the para

cyano-group in the benzyl conjugates did not have any effect toward oxidation (Figure 4.6).

Table 4.2. Stability of the cysteine conjugates in the presence of base, acid, external thiol

nucleophiles, and under oxidative conditions.

C D

A B
HN _/Y\cm)nu, HN ./Y\c(omu
: s 2 HN —/S\J/\cm)NHz HoN _/Y\C(O)NH,
S
O O
Q og X. ?

o]

" E:% remaining peptide
base 83 % 0 % 66 % 84 %
acid 83 % 84 % 63 % 85 %
GSH 90 % 37 % 85 % 88 %
oxidation® 73 % 82 % 73 % 39 %

“Reaction time — 30 min. See Experimental section 4.4.13 for detailed reaction conditions and LC-

MS chromatograms.
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Figure 4.6. Stability of cysteine conjugates under oxidative conditions.

See Experimental section 4.4.13 for detailed reaction conditions and LC-MS chromatograms.
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4.1.3. Selective labeling of antibody mimetic proteins

We further explored this reaction with proteins. Three antibody mimetic proteins'® (P4-
P6) were expressed that contained a cysteine at structurally distinct positions including the N-
terminus, C-terminus, and a loop. The same proteins without cysteine were used as controls to
confirm the selectivity of the reaction (P7-P9). All three proteins (P4-P6) were quantitatively
tagged with either coumarin (Figure 4.7) or a drug molecule (Figure 4.9) within 30 minutes at 1
uM protein concentration. No arylated product was generated for proteins lacking a cysteine
(Figure 4.8 and Figure 4.10). The fast kinetics and high efficiency of the reactions at low
micromolar and low nanomolar (Figure 4.11) protein concentrations are in contrast to reported
bioconjugation methods using organometallic reagents, where longer reaction times were needed
and generally lower conversions were observed.”*® 5% of organic co-solvent is required for the
reaction, as protein labeling with palladium reagents in an all-aqueous buffer resulted in lower

conversions (Figure 4.12).

SH S &
PCy , 20 mM Tris, 150 mM NaCl Ar 8. o
+ PO\ AT 695 A e A
rotein - {pd)— Ar rotein ri=
® DMF : H,0 g 2
ooTf 5: 95 X
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P4-P6 1D then ps A~ COH
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a 1374668 | b 10812.55 L 6900.41
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%% 5 E o SH !
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Figure 4.7. Modification of antibody mimetic proteins using the developed palladium
reagents.
Cysteine residues at (a) the N-terminus (P4), (b) a loop (P5), and (¢) the C-terminus (P6) of

proteins are quantitatively modified with coumarin after the reaction with palladium complex 1D.
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Figure 4.8. Control reactions for labeling of proteins without cysteine residues using

palladium complex 1D.

SH
protein] +
P4-P6
1uM
a 13746.68
HS e e
\l"“" %
%@ﬁ%
P4
1414222
s oy S
ANy
P4-J
13000 15000 :
Deconvoluted Mass (Da)

then yg .- COH

'
'

N
s.. o
20 mM Tris,150 mM NacCl Ar e »
pH'= 7.5 —
-
DMF : H,0 (protein) 2, -NH
5:95 |
30min X F

Figure 4.9. Modification of antibody mimetic proteins using palladium complex 1J.
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Figure 4.10. Control reactions for labeling of proteins without cysteine residues using

palladium complex 1J.
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Figure 4.11. Protein labeling experiments at low concentrations.
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Figure 4.12. Protein labeling experiments without organic solvent.
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4.1.4. Selective labeling of bacterial toxin protein variants

The developed protocol was used to arylate an engineered cysteine residue in the C-
terminal region of Diphtheria toxin A-chain (DTA) fused to the lethal factor N-terminal domain
(LFN-DTA-Cys, see ).2! The modified LFn-DTA-Cys variant was readily separated from the
remaining palladium species, ligands, and other small molecules using commercially available
size-exclusion chromatography (SEC) columns and displayed similar activity (ECso = 0.40 + 0.09
nM) in a cell-based protein synthesis inhibition assay compared to the control (a serine mutant
LFN-DTA-Ser showed ECso = 0.25 + 0.05 nM, a cysteine-alkylated variant showed ECso = 0.20
+0.01 nM) (Figure 4.14).

SH 20 mM Tris s
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pH 7.5 r

> [N PSTGsLRL
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Figure 4.13. LC-MS analysis of the SEC-purified LFN-DTA-Cys(Ar).
Total ion current chromatogram (right) and the deconvoluted mass spectrum of the full protein
peak (left) are shown. See Experimental section 4.4.17 for detailed protocol for protein labeling

and purification.
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Figure 4.14. Translocation efficiencies of the LFx-DTA variants were analyzed by protein

synthesis inhibition assay.

LFn-DTA-Cys(Ar) showed similar protein synthesis inhibition profile as the controls (LFx-DTA-
Cys(Alk) and LF~-DTA-Ser), indicating that the palladium-mediated bioconjugation and the
following purification procedure did not significantly alter the activity of the protein. ECso values
for each protein are: 0.40 £ 0.09 nM for LFx-DTA-Cys(Ar), 0.20 = 0.01 nM for LFn-DTA-
Cys(Alk), and 0.25 + 0.05 nM for LFN-DTA-Ser. ECso values were obtained by fitting the curves
to sigmoidal Boltzmann equation using OriginLab 8.0 software (Northhamptown, MA). See

experimental section 4.4.17 for detailed protocol for the cell assay.
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4.1.5. Synthesis of linker-free antibody-drug conjugates

Antibody-drug conjugates (ADCs) are a promising class of biotherapeutics, which
combine the potency of cytotoxic drugs with the target specificity of monoclonal antibodies.”? We
aimed to attach drug molecules directly to cysteine residues in antibodies through the developed
palladium conjugation chemistry. The drug payload Vandetanib was used to form palladium
complex (1J) by making use of the aryl bromide present in its structure. Treating partially reduced
Trastuzumab antibody?® with 1J readily produced ADCs with a 4.4 drug to antibody ratio (DAR)
(Figure 4.15). The purified arylated ADCs retained binding affinity (Ko = 0.3 + 0.2 nM) to
recombinant HER2 compared to the unmodified trastuzumab antibody (Figure 4.16). While
traditional ADCs use various linkers to attach drug molecules to antibodies, our method
significantly expands the structural space of ADCs by providing the capability to directly attach
drug molecules containing native or pre-installed aryl halide or phenol functional groups. The

therapeutic potential of this class of “linker-free” ADCs will be investigated in the future.

(1) TCEP, 37°C, 2 hours ‘
=

(2) 1K, 30 min Drug
DAR =44
( )
Trastuzumab-Vandetanib Conjugate
+ 2 Drug
s 49915.02
+1Drug
23909.36 +1Drug *03335”39
Light chain 49520.69 5030938
23514.68
Heavy chain +4 Drug
49125.70 5070314
—- e e ——————————————
| 22500 23500 24500 49000 50000 51000 |

Figure 4.15. Synthesis of linker-free antibody-drug conjugates using a palladium-drug
complex.

Mass spectra of the fully reduced and deglycosylated ADCs were shown. Drug-to-Antibody Ratio
(DAR) represents an average number of drugs per antibody. See Experimental section for detailed

protocol for antibody reduction and labeling.
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Figure 4.16. The ADC and the native trastuzumab showed similar binding affinity to HER2
in the BioLayer Interferometry assay.

Black curves are the experimental results, and red curves are the fitting results. The concentration
of the recombinant HER2 used in each experiment is listed next to the corresponding curve. See

Experimental section 4.4.18 for the detailed protocol of the BioLayer Interferometry assay.
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4.1.6. Peptide macrocyclization using bispalladium reagents

Stapled peptides have shown significant promise as next generation therapeutics.***’
However, there are limited methods for the synthesis of these bioconjugates with structurally
diverse linkers,?® which hinders the systematic investigation of the effect of the linker on the
properties of stapled peptides.”’” We envisioned that palladium reagents containing two
electrophilic metal centers could be efficiently used to crosslink two cysteine residues on a peptide
chain, thereby providing access to stapled peptides with various aryl linkers. Indeed, running the
reaction at 10 uM concentration of peptide in a 1:1 (v/v) acetonitrile/water solvent mixture at pH
7.5 using a two-fold excess of the bis-palladium complex (2A) resulted in quantitative formation
of the target stapled peptide within 10 minutes (Figure 4.17). Considering the availability of
commercially or otherwise easily accessible diarylhalide reagents, this approach provides facile

access to a diverse aryl-linker space for stapled peptides.®

SH HS
H ZN—IIe-Lys—Phe-Thr—Asné»Gly-i_eu—Leu&—Tyr-GIu-Ser-Lys-Arg—C(O)NH 2

10 pM

r( stapling reagentsff’

0.1 M Tris (pH =7.5)
CH3CN:H0(1: 1)
10 min

then

5 S
H ZN—IIe—Lys-Phe—Thr-AsnérGly-Leu-LeubTyr-Glu-Ser—Lys-Arg—C(O)NH 2

Figure 4.17. Stapling of a model peptide using a bis-palladium reagent 2A.
Reaction conditions: P3 (10 pM), complex 2A (20 uM), Tris buffer (100 mM; pH 7.5), CH3CN :
H>0 =1 : 1, rt, 10 min. The reaction was quenched by the addition of 3-mercaptopropionic acid

(6 equivalents to 2A) before the LC-MS analysis.
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4.3. Discussion and Conclusion

In conclusion, we have introduced a new approach for cysteine bioconjugation and have
shown for the first time that palladium(II) complexes can be used for fast and chemoselective
arylation of cysteine residues in complex biomolecules. The versatility of the method is
particularly notable, since a large variety of aryl halides or trifluoromethanesulfonates are
commercially available or readily accessible from simple precursors. Finally, the ease of
preparation, storage, and use of the palladium reagents make them particularly attractive for
routine application in chemistry, biology, medicine, and materials science. Further evolution of
the metals and ligands employed will likely provide an extended set of organometallic
bioconjugation reagents with altered selectivity and efficiency, allowing for functionalization of

other amino acid residues.
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4.4. Experimental

4.4.1. Chemicals

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI) was purchased from Hampton
Research (Aliso Viejo, CA). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate (HATU), D-Biotin, Fmoc-Rink amide linker, Fmoc-L-
Gly-OH, Fmoc-L-Leu-OH, Fmoc-L-Lys(Boc)-OH, Fmoc-L-Ala-OH, Fmoc-L-Cys(Trt)-OH,
Fmoc-L-GIn(Trt)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-Glu(OBu)-OH, Fmoc-L-Arg(Pbf)-OH,
Fmoc-L-Phe-OH, Fmoc-L-Ser(rfBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Tyr(rfBu)-OH, and
Fmoc-L-His(Trt)-OH were purchased from Chem-Impex International (Wood Dale, IL).
Aminomethyl polystyrene resin was prepared according to an in-house protocol.?’ Peptide
synthesis-grade N, N-dimethylformamide (DMF), dichloromethane (DCM), diethyl ether, HPLC-
grade acetonitrile, and guanidine hydrochloride were obtained from VWR International
(Philadelphia, PA). Aryl halides and ary] trifluoromethanesulfonates were purchased from Aldrich
Chemical Co., Alfa Aesar, or Matrix Scientific and were used without additional purification. All
deuterated solvents were purchased from Cambridge Isotopes and used without further purification.

All other reagents were purchased from Sigma-Aldrich and used as received.

All reactions with peptides, proteins, and antibodies were set up on the bench top and
carried out under ambient conditions. For procedures carried out in the nitrogen-filled glovebox,
the dry degassed THF was obtained by passage through activated alumina columns followed by
purging with argon. Anhydrous pentane, cyclohexane, and acetonitrile were purchased from

Aldrich Chemical Company in Sureseal® bottles and were purged with argon before use.
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4.4.2. NMR, FTIR, and elemental analysis

All small-molecule organic and organometallic compounds were characterized by 'H, 1*C
NMR, and IR spectroscopy, as well as elemental analysis (unless otherwise noted). '°F NMR
spectroscopy was used for organometallic complexes containing a trifluoromethanesulfonate
counterion. *'P NMR spectroscopy was used for characterization of palladium complexes. Copies
of the 'H, 13C, 3'P, and °F NMR spectra can be found at the end of the Supporting Information.
Nuclear Magnetic Resonance spectra were recorded on a Bruker 400 MHz instrument and a Varian
300 MHz instrument. Unless otherwise stated, all 'H NMR experiments are reported in & units,
parts per million (ppm), and were measured relative to the signals of the residual proton resonances
CHaCl2 (5.32 ppm) or CH3CN (1.94 ppm) in the deuterated solvents. All '*C NMR spectra are
measured decoupled from 'H nuclei and are reported in § Junits (ppm) relative to CD2Cl2 (54.00
ppm) or CD3CN (118.69 ppm), unless otherwise stated. All *'P NMR spectra are measured
decoupled from 'H nuclei and are reported relative to HiPOs (0.00 ppm). '°F NMR spectra are
measured decoupled from 'H nuclei and are reported in ppm relative to CFCl3 (0.00 ppm) or oo, 0t-
trifluorotoluene (-63.72 ppm). All FT-IR spectra were recorded on a Thermo Scientific — Nicolet
1S5 spectrometer (iD5 ATR —diamond). Elemental analyses were performed by Atlantic Microlabs

Inc., Norcross, GA.
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4.4.3. LC-MS analysis

LC-MS chromatograms and associated mass spectra were acquired using Agilent 6520
ESI-Q-TOF mass spectrometer. Solvent compositions used in the majority of experiments are
0.1% TFA in H20 (solvent A) and 0.1% TFA in acetonitrile (solvent B). The following LC-MS

methods were used:

Method A 1LC conditions: Zorbax SB Cscolumn: 2.1 x 150 mm, 5 um, column temperature:
40 °C, gradient: 0-3 min 5% B, 3-22 min 5-95% B, 22-24 min 95% B, flow rate: 0.8 mL/min. MS
conditions: positive electrospray ionization (ESI) extended dynamic mode in mass range 300 —
3000 m/z, temperature of drying gas = 350 °C, flow rate of drying gas = 11 L/min, pressure of
nebulizer gas = 60 psi, the capillary, fragmentor, and octupole rf voltages were set at 4000, 175,
and 750, respectively.

Method B 1.C conditions: Zorbax SB Cscolumn: 2.1 x 150 mm, 5 pm, column temperature:
40 °C, gradient: 0-2 min 5% B, 2-11 min 5-65% B, 11-12 min 65% B, flow rate: 0.8 mL/min. MS

conditions are same as Method A.

Method C1.C conditions: Zorbax SB Cicolumn: 2.1 x 150 mm, 5 pm, column temperature:
40 °C, gradient: gradient: 0-2 min 5% B, 2-10 min 5-95% B, 10-11 min 95% B, flow rate: 0.8

mL/min. MS conditions are same as Method A.

Data were processed using Agilent MassHunter software package. Deconvoluted masses

of proteins were obtained using maximum entropy algorithm.

LC-MS data shown were acquired using Method A, unless otherwise noted; Y-axis in all
chromatograms shown in supplementary figures represents total ion current (TIC); mass spectrum

insets correspond to the integration of the TIC peak unless otherwise noted.
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4.4.4. Determination of reaction yields

All reported yields were determined by integrating TIC spectra. First, the peak areas for all
relevant peptide-containing species on the chromatogram were integrated using Agilent
MassHunter software package. Since no peptide-based side products were generated in the
experiments, the yields shown in Table 2 were determined as follows: %yield = Spi/Stotat Where Spr
is the peak area of the product and Stotal is the peak area of combined peptide-containing species
(product and starting material). The yield of the stapled peptide P3-A was calculated as
follows: %yield = keSpr/Sst where Spr is the peak area of the reaction product, Ss: is the peak area
of a known amount of purified product, and k equals to the ratio of the known amount of standard
divided by the initial amount of starting material. For peptide stability experiments the conversion
was calculated as following: %remaining peptide = S¢/So where St is the peak area of the

corresponding cysteine conjugate at time t, and So is the peak area of the conjugate at time 0.
4.4.5. X-ray structure determination of 1A-OTf

Low-temperature diffraction data (¢p- and w-scans) was collected on a Bruker-AXS X8
Kappa Duo diffractometer coupled to a Smart Apex2 CCD detector with Mo Ka radiation (A =
0.71073 A) from an [uS micro-source for the structure of compound 1A-OT{. The structure was
solved by direct methods using SHELXS?® and refined against F2 on all data by full-matrix least
squares with SHELXL-97°! using established refinement techniques.*? All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were included into the model at geometrically
calculated positions and refined using a riding model. The isotropic displacement parameters of
all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times
for methyl groups). All disordered atoms were refined with the help of similarity restraints on the
1,2- and 1,3-distances and displacement parameters as well as rigid bond restraints for anisotropic

displacement parameters unless otherwise noted below.

X-ray quality crystals of 1A-OTfeCH3CN were obtained by vapor diffusion of an
Et20/CH3CN solution of 1A-OTf with pentane. Under these conditions, a molecule of CH3CN
coordinates to palladium in 1A-OTHf, displacing the trifluoromethanesulfonate anion. The resulting
1A-OTf-CH3CN crystallizes in the monoclinic space group P2; with one molecule in the

asymmetric unit.
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Table 4.3. Crystal data and structure refinement for 1A-OTfeCH3CN.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

C40Hs3F3NOsPPdS

854.26

100Q2) K

0.71073 A

Monoclinic

P2

a=10.5958(3) A o= 90°.
b =17.8048(6) A
¢ =10.9802(4) A y = 90°.
2048.15(12) A3

2

1.385 Mg/m3

0.599 mm-!
888

0.300 x 0.250 x 0.070 mm?3
1.876 to 38.568°.

-18<=h<=18, -31<=k<=31, -19<=I<=19

177765

23140 [R(int) = 0.0297]

100.0 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
23140/1/475

1.023

R1=0.0230, wR2 =0.0518
R1=0.0265, wR2 = 0.0529
-0.009(2)

n/a

0.588 and -0.463 e.A-3
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4.4.6. Synthesis of palladium complexes

Aryl halide and trifluoromethanesulfonate precursors

4-Aminopheny] trifluoromethanesulfonate,*® fluorescein monotriflate,** and 2-ethyl-6-

methylpyridin-3-yl trifluoromethanesulfonate®® were prepared according to literature procedures.
Aryl trifluoromethanesulfonate S1

NH, HOBT-H,0,
TiO
EDC-HCI, NEt3 @ ) u N ~\,/o
+  biotin P NH
DMF r )
s1

In an oven-dried round-bottom flask (250 mL) biotin (810.3 mg, 3.32 mmol) was

oTf

suspended in anhydrous DMF (20 mL). Subsequently, 1-hydroxybenzotriazole hydrate (609.4 mg,
3.98 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (763.0 mg, 3.98
mmol), and NEt; (0.88 mL, 3.32 mmol) were added to the reaction and the mixture was stirred at
room temperature for 15 min. After this time, 4-aminopheny! trifluoromethanesulfonate (800 mg,
3.32 mmol) was added and the reaction was stirred for an additional 3 h. Upon completion of the
reaction, DMF was removed under vacuum. Addition of CH2Cl: resulted in the formation of a
white precipitate, which was filtered, washed with additional CH2Cl2 and pentane, and dried under

reduced pressure to afford the final product as a white solid (829.6 mg, 54%).

'"H NMR (400 MHz, DMSO-ds) 801 12.01 (s, br, NH), 10.18 (s, br, NH), 7.74 (d, J = 8.8
Hz, 1H), 7.41 (d, J= 8.8 Hz, 1H), 6.43 (s, 1H), 6.36 (s, 1H), 4.31 (m, 1H), 4.13 (m, 1H), 3.10 (m,
1H), 2.82 (dd, /= 12.5, 4.8 Hz, 2H), 2.58 (d, J= 12.4 Hz, 1H), 2.33 (t, J= 7.5 Hz, 1H), 2.20 (t, J
—7.4Hz, 1H), 1.62 (m, 2H), 1.50 (m, 2H), 1.35 (m, 2H). *C NMR (101 MHz, DMSO-ds) 5 174.48,
171.62,162.77,162.76, 144.01, 139.67, 121.86, 120.46, 118.28 (q, /=321 Hz, CF3), 61.10, 61.09,
59.25, 59.23, 55.43, 55.41, 36.23, 33.52, 28.22, 28.15, 28.11, 28.08, 25.02, 24.57 (observed
complexity is due to C—F coupling). '°F NMR (282 MHz, DMSO-ds) 6 -73.16. FT-IR (neat, cm’
N): 3262.53, 2923.74, 1698.21, 1662.2, 1529.16, 1501.48, 1464.35, 1405.69, 1323.64, 1250.64,
1210.37, 1137.17, 883.25, 839.93, 694.8, 667.57, 633.6, 603.6. HRMS electrospray (m/z): [M +
H]* caled for C17H21F3N305S2: 467.0869, found 468.0885; [2M + H]" caled for C3sHa1FsNeO10Sa:
935.1671, found 935.1766.
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Synthesis of Oxidative Addition Complexes

[(1,5-COD)PdCl2] was prepared according to literature procedure.’® [(1,5-
COD)Pd(CH2TMS)2] was prepared according to a modified literature procedure.’” COD is 1,5-

cyclooctadiene.
Synthesis of [(1,5-COD)Pd(CH,TMS),]

A flame-dried Schlenk flask (100 mL), equipped with a magnetic stir bar, was filled with
argon and charged with (1,5-COD)PdCl2 (3.15g, 11.05 mmol). The flask was put under vacuum
and filled back with argon. The procedure was repeated 3 consecutive times. Diethyl ether (49.3
mL) was introduced via syringe, the reaction was cooled to —40 °C (acetonitrile/dry ice bath) and
TMSCH2MgCl (23.4 mL, 1.0 M) was added dropwise over 10-20 min. The reaction was stirred
at —40 °C for 1 h and then at 0 °C (ice/water bath) for an additional 20 min. Acetone (1.3 mL) was
added at 0 °C, the reaction mixture was stirred for 5 min, after which the solvent was removed
under vacuum using an external trap (the flask was kept at 0 °C). The flask was then opened to air,
pentane (100 mL) was added and the crude material was filtered through a pad of Celite into a new
round-bottom flask (500 mL) at 0 °C. The filter cake was washed with pentane (50 mL x 2).
Pentane from the combined washes was removed with the aid of a rotary evaporator at 0 °C
(ice/water bath). The resulting white solid was dried under vacuum for 2 h at 0 °C, and transferred
into a 20 mL scintillation vial in fhe glovebox (3.00 g, 70%). The 'H and '3C NMR spectra of the
obtained material are identical to those reported in the literature.!? The title compound was stored

in the glovebdx at —20 °C.
Representative Procedure for the Synthesis of Oxidative Addition Complexes.

In a nitrogen-filled glovebox, an oven-dried scintillation vial (10 mL), which was equipped
with a magnetic stir bar, was charged with RuPhos (1.1 equiv), Ar—X (1.1 equiv), and cyclohexane.
Solid (COD)Pd(CH2SiMes)2 (1 equiv) was added rapidly in one portion and the resulting solution
was stirred for 16 h at rt. After this time, pentane (3 mL) was added and the resulting mixture was
placed into a —20 °C freezer for 3 h. The vial was then taken outside of the glovebox, and the
resulting precipitate was filtered, washed with pentane (3 x 3 mL), and dried under reduced

pressure to afford the oxidative addition complex.
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cl
1A-Cl

Following the general procedure, a mixture containing 4-chlorotoluene (17 uL, 0.14 mmol),
RuPhos (66 mg, 0.14 mmol), and (COD)Pd(CH2SiMes)2 (50 mg, 0.13 mmol) was stirred at rt in
cyclohexane (1.5 mL) for 16 h. General work up afforded 1A-Cl as a white solid (68.7 mg, 77%).

'H NMR (400 MHz, CD:Cl2) & 7.62 (t,J = 8.4 Hz, 2H), 7.43 (tt, /= 7.6, 1.5 Hz, 2H), 7.38
(m, 2H), 6.93 (dd, J = 8.2, 2.1 Hz, 2H), 6.86 (ddd, J = 7.6, 3.0, 1.3 Hz, 1H), 6.77 (d, /= 8.1 Hz,
2H), 6.63 (d, J = 8.5 Hz, 2H), 4.62 (hept, J = 6.1 Hz, 2H), 2.21 (s, 3H). 2.12 (m, 2H), 1.75 (d, J =
12.1 Hz, 6H), 1.63 (m, 6H), 1.38 (d, J = 6.0 Hz, 6H), 1.16 (m, 6H), 1.01 (d, J= 6.1 Hz, 6H), 0.78
(m, 2H). *C NMR (101 MHz, CD2Cl2) § 158.94, 145.05, 144.88, 136.63, 136.60, 134.55, 133.94,
133.75, 133.74, 133.59, 132.58, 132.48, 132.37, 131.03, 130.50, 130.48, 127.88, 127.86, 126.32,
126.26, 111.65, 111.61, 107.08, 70.83, 33.86, 33.59, 28.26, 27.77, 27.75, 27.29, 27.16, 26.99,
26.95, 26.84, 26.12, 21.95, 21.40, 20.33 (observed complexity is due to C—P coupling). 3IP NMR
(121 MHz, CD2Cl2) & 31.40. FT-IR (neat, cm™): 2973.28, 2927.26, 2850.11, 1595.76, 1585.67,
1482.98, 1452.13, 1382.47, 1367.3, 1293.75, 1271.69, 1238.07, 1136.18, 1114.6, 1052.64,
1014.05, 1002.69, 948.47, 941.24, 915.67, 894.84, 888.54, 847.55, 797.78, 759.42, 745.72, 733.6,
720.03, 668.01, 610.21. Anal. Caled. for C37Hs0ClO2PPd: C, 63.52; H, 7.20. Found: C, 63.47; H,
7.24.
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Following the general procedure, a mixture containing 4-bromotoluene (24.2 mg, 0.14
mmol), RuPhos (66.0 mg, 0.14 mmol), and (COD)Pd(CH2SiMes)2 (50.0 mg, 0.13 mmol) was
stirred at rt in cyclohexane (1 mL) for 16 h. General work up afforded 1A-Br as an off-white solid
(78.4 mg, 82%).

'HNMR (400 MHz, CD2Cl2) 8(17.61 (m, 2H), 7.43 (tt, /= 7.5, 1.6 Hz, 1H), 7.37 (m, 1H),
6.91 (dd, /= 8.2, 2.3 Hz, 2H), 6.86 (ddd, J = 7.8, 3.1, 1.5 Hz, 1H), 6.76 (d, J = 8.0 Hz, 2H), 6.64
(d,/=8.4 Hz, 2H), 4.60 (hept, J= 6.1 Hz, 2H), 2.22 (s, 3H), 2.14 (m, 2H), 1.77 (m, 6H), 1.60 (m,
6H), 1.38 (d, J= 6.0 Hz, 6H), 1.17 (m, 6H), 1.01 (d, /= 6.0 Hz, 6H), 0.78 (m, 2H). >*C NMR (101
MHz, CD2Cl2) 6 159.42, 145.38, 145.20, 137.74, 137.70, 134.88, 134.18, 133.84, 133.11, 133.01,
132.94, 131.62, 131.56, 130.99, 130.97, 128.20, 126.81, 126.76, 112.44, 112.41, 107.88, 71.44,
34.40, 34.14, 28.73, 28.17, 28.15, 27.82, 27.69, 27.49, 27.46, 27.35, 26.60, 22.46, 21.93, 20.79
(observed complexity is due to C—P coupling). *'P NMR (121 MHz, CD:Cl2) & 29.89. FT-IR (neat,
cm™): 2980.24,2917.56, 2844.37, 1587.1, 1478.11, 1464.73, 1451.26, 1442.93, 1384.38, 1372.21,
1349.62,1333.2, 1289.54, 1255.37,1207.89, 1112.89, 1069.63, 1054.03, 1010.41, 902.77, 892.23,
851.92, 837.45, 791.2, 785.02, 767.28, 760.24, 747.31, 736.44, 700.12, 675.71, 612.24. HRMS
electrospray (m/z): [M — Br|" caled for C37Hs002PPd: 663.2596, found 663.2603.
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Me

Following the general procedure, a mixture containing 4-iodotoluene (61.7 mg, 0.28 mmol),
RuPhos (131.9 mg. 0.28 mmol), and (COD)Pd(CH2SiMes)2 (100.0 mg, 0.26 mmol) was stirred at
rt in cyclohexane (1.5 mL) for 16 h. General work up afforded 1A-I as a bright yellow solid (180.0
mg, 89%).

'H NMR (400 MHz, CD2Cl2) § 7.60 (m, 2H), 7.42 (m, 1H), 7.36 (m, 1H), 6.89 (dd, J= 8.2,
2.0 Hz, 2H), 6.84 (ddd, J=17.5,2.9, 1.2 Hz, 2H), 6.74 (d, J= 8.0 Hz, 2H), 6.66 (d, J= 8.4 Hz, 2H),
4.59 (hept, J = 6.2 Hz, 2H), 2.22 (s, 3H), 2.14 (m, 2H), 1.77 (m, 6H), 1.59 (m, 6H), 1.38 (d, J =
6.0 Hz, 6H), 1.18 (m, 6H), 1.01 (d, /= 6.1 Hz, 6H), 0.77 (m, 2H). 3C NMR (101 MHz, CD2Cly)
5 159.56,145.15, 144.97, 138.88, 138.85, 134.81, 133.96, 133.64, 133.19, 133.08, 132.67, 131.63,
130.96, 130.94, 127.85, 127.84, 126.76, 126.71, 126.62, 112.67, 112.63, 108.32, 71.59, 34.38,
34.13,28.63, 28.03, 28.00, 27.87,27.74,27.48, 27.37, 26.57, 26.55,22.48, 21.97, 20.71 (observed
complexity is due to C—P coupling). 3'P NMR (121 MHz, CD2Cl2) & 25.64. FT-IR (neat, cm™):
2975.8,2922.64,2844.86, 1585.12, 1569.19, 1477.72, 1454.19, 1386.62, 1374.01, 1326.62, 1282,
1251.88, 1207.49, 1171.57, 1135.22, 1112.08, 1065.38, 1055.2, 1010.27, 997.53, 846.52, 787.24,
77221, 767.54, 759.04, 747.91, 734.94, 727.13, 696.29, 676.75, 637.81, 612.42, 602.4, 579.03.
Anal. Calcd. for C37Hs0lO2PPd: C, 56.18; H, 6.37. Found: C, 55.69; H, 6.42.
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1A-OTf

Following the general procedure, a mixture containing 4-tolyl trifluoromethanesulfonate
(100.0 mg, 0.42 mmol), RuPhos (194.0 mg, 0.42 mmol), and (COD)Pd(CH2SiMe3)2 (147.0 mg,
0.38 mmol) was stirred at rt in cyclohexane (1.5 mL) for 16 h. General work up afforded 1A-OTf
as an off-white solid (270.0 mg, 88%).

"HNMR (400 MHz, CD3CN) 8(17.73 (t,J= 7.7 Hz, 1H), 7.64 (t,J= 8.5 Hz, 1H), 7.52 (m,
1H), 7.47 (m, 1H), 6.93 (m, 4H), 6.77 (m, 3H), 4.68 (hept, J= 6.2 Hz, 2H), 2.22 (m, 5H), 1.79 (m,
6H), 1.60 (m, 6H), 1.41 (d, J = 6.0 Hz, 6H), 1.20 (m, 6H), 1.03 (d, J = 6.0 Hz, 6H), 0.69 (m,
2H).[113C NMR (101 MHz, CD3CN) & 163.57, 145.97, 145.80, 138.39, 137.14, 137.10, 136.03,
134.17. 133,30, 133.28. 133.06, 133.01, 132.89, 130.30, 13027, 128.37, 12830, 107.26, 72.63,
35.36,.35.05, 29.55,29:.44, 28.02, 27.95, 2782, 27.75, 27.83; 2709, 27.07, 22.58, 22.30, 21.04
(observed complexity is due to C—P coupling).[1*'P NMR (121 MHz, CD3CN) § 41.32.01"F NMR
(376 MHz, CD3CN) & -82.72. FT-IR (neat, cm™"): 2973.6, 2921.73, 2850.32, 1589.06, 1480.22,
1451.38, 1389, 1378.25, 1308.92, 1255.2, 1229.22, 1208.11, 1177.28, 1141.2, 1110.23, 1066.14,
1055.85, 1016.65, 900.16, 849.85, 791.27, 767.96, 736.56, 628.06, 613.09.[1Anal. Calcd. for
CssHsoF30sPPdS: C, 56.12; H, 6.20. Found: C, 56.39; H, 6.46.
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Following the general procedure, a mixture containing 2-ethyl-6-methylpyridin-3-yl
trifluoromethanesulfonate (76.0 mg, 0.28 mmol, Note: 2.2 equiv was used), RuPhos (66.0 mg,
0.141 mmol), and (COD)Pd(CH2SiMe3)2 (50.0 mg, 0.129 mmol) was stirred at rt in cyclohexane
(0.75 mL) for 16 h. General work up afforded 1B as a light yellow solid (95.0 mg, 88%).

"H NMR (400 MHz, CD3CN) 8[17.70 (m, 2H), 7.53 (tt, J = 7.6, 1.6 Hz, 1H), 7.47 (tt, J =
7.4, 1.6 Hz, 1H), 6.99 (dd, J = 7.9, 2.8 Hz, 1H), 6.79 (m, 4H), 4.71 (m, 1H), 4.63 (m, 1H), 3.17
(m, 2H), 2.40 (m, SH), 2.12 (m, 2H), 1.76 (m, 6H), 1.49 (m, 5H), 1.40 (d, /= 6.0 Hz, 3H), 1.34 (d,
J=6.0 Hz, 3H), 1.25 (m, 5H), 1.13 (m, 9H), 0.92 (d, J = 6.0 Hz, 3H), 0.17 (m, 1H). 13C NMR
(101 MHz, CD3CN) & 164.70, 164.45, 164.09, 154.73, 145.65, 145.48, 143.59, 143.54, 138.99,
135.58, 135.14, 133.08, 133.06, 132.54, 132.42, 132.31, 130.75, 128.13, 128.07, 122.77, 106.93,
106.75, 73.27, 72.21, 36.84, 35.72, 35.42, 33.66, 33.37, 31.96, 31.93, 29.44, 27.82, 27.75, 27.66,
27.60, 27.57, 27.45, 27.11, 26.99, 26.88, 26.83, 26.67, 26.61, 23.36, 22.37, 22.24, 22.09, 21.80,
13.29 (observed complexity is due to C—P coupling). >'P NMR (121 MHz, CD3;CN) & 41.30. '°F
NMR (376 MHz, CD3CN) & -78.65. FT-IR (neat, cm™'): 2926.73, 2852.81, 1589.56, 1558.05,
1447.32, 1385.47, 1307.23, 1274.47, 1252.38, 1225.28, 1200.75, 1173.43, 1143.04, 1104.51,
1061.88,1030.39, 1010.98, 892.25, 849.62, 820.09, 806.38, 769.71, 748.12, 737.28, 627.7, 609.26.
Anal. Calcd. for C39Hs3FsNOsPPdS: C, 55.61; H, 6.34. Found: C, 55.15; H, 6.19.
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Following the  general procedure, a mixture containing  fluorescein
monotrifluoromethanesulfonate (52.5 mg, 0.11 mmol, Note: used as the limiting reagent), RuPhos
(66.0 mg, 0.14 mmol), and (COD)Pd(CH2SiMe3)2 (50.0 mg, 0.13 mmol) was stirred in THF (0.75

mL) at rt for 16 h using aluminum foil for light exclusion. General work up afforded 1C as a bright

orange precipitate (107.5 mg, 92%).

'H NMR (400 MHz, DMSO) Complex spectrum observed (see Appendix) *'P NMR (121
MHz, CD2Clz) & 44.41. "F NMR (376 MHz, CD>Cl:) 8 -79.08. FT-IR (neat, cm™): 2929.22,
2851.87, 1761.86, 1625.02, 1587.77, 1564.66, 1509.79, 1443.16, 1384.65, 1346.61, 1274.48,
1252.52, 1222.15, 1154.31, 1106.89, 1083.41, 1064.08, 1029.68, 981.25, 949.65, 934.76, 891.29,
849.46, 820.67, 763.46, 695.31, 660.91, 636.48, 626.65. Anal. Calcd. for CsiHssF309PPdS: C,
59.05; H, 5.25. Found: C, 58.87; H, 5.42.
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Following the general procedure, a mixture containing 2-oxo-2H-chromen-6-yl
trifluoromethanesulfonate (38.2 mg, 0.13 mmol, Note: 1.01 equiv was used), RuPhos (66.0 mg,
0.14 mmol), and (COD)Pd(CH2SiMe3)2 (50.0 mg, 0.13 mmol) was stirred at rt in THF (0.75 mL)
for 16 h. General work up afforded 1D as a light yellow solid (103.3 mg, 93%).

'"H NMR (400 MHz, CD3CN) 81 7.73 (d, J = 8.0 Hz, 1H), 7.58 (m, 3H), 7.45 (m, 1H),
7.29 (d, J = 8.5 Hz, 1H), 7.14 (s, 1H), 7.08 (d, J = 8.6 Hz, 1H), 6.88 (m, 1H), 6.78 (d, /= 8.5 Hz,
2H), 6.33 (d, J = 9.5 Hz, 1H), 4.69 (hept, J = 6.1 Hz, 2H), 2.10 (s, br, 2H), 1.81 (m, 6H), 1.64 (m,
6H1). 1.39 (d. J = 6.0 Hz, 6H), 1.28 (m, 2H), 1.13 (m, 4H), 1.05 (d, J = 6.1 Hz, 6H), 0.84 (m, 2H).
B3C NMR (101 MHz, CD3CN) & 161.41, 153.57, 144.67, 139.93, 139.90, 135.33, 135.29, 132.85,
128.01, 127.95, 117.07, 116.41, 107.42, 107.38, 72.69, 35.73 (br), 29.66, 27.66, 27.61, 27.53,
27.41,27.24, 26.73, 26.72, 22.14 (observed complexity is due to C—P coupling). *'P NMR (121
MHz, CDsCN) & 42.43. 'F NMR (376 MHz, CDsCN) & -78.89. FT-IR (neat, cm™): 2979.13,
2024.12, 2848.66, 1721.51, 1584.47, 1543.58, 1453.67, 1413.89, 1384.87, 1315.94, 1254.76,
1227.39,1213.36,1195.09, 1159.85,1139.1, 1112.08, 1071.78, 1030.22, 1004.07, 891.57, 877.55,
851.16, 826.12, 772.82, 758.61, 747.4, 737.17, 632.64. Anal. Calcd. for CaoHasF307PPdS: C,
55.40; H, 5.58. Found: C, 55.77; H, 5.49.
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1E

Following the general procedure, a mixture containing aryl trifluoromethanesulfonate S1
(100.0 mg, 0.21 mmol, Note: 1 equiv was used), RuPhos (109.8 mg, 0.24 mmol), and
(COD)Pd(CH2SiMes)2 (83.2 mg, 0.21 mmol) was stirred in THF (1.5 mL) at rt for 16 h. General
work up afforded 1E as a light orange solid (179.0 mg, 80%).

'H NMR (400 MHz, CD2Clz) Complex spectrum observed (see Appendix). >'P NMR (121
MHz, CD2Cl2) § 42.30. "F NMR (376 MHz, CD2Clz) & -78.99. FT-IR (neat, cm™): 3301.3 (br),
2929.22, 2853.24, 1699.37, 1579.49, 1519.47, 1480.55, 1449.2, 1383.79, 1330.61, 1250.31,
1154.46, 1106.11, 1063.64, 1029.55, 1004.78, 898.47, 849.61, 819.71, 763.79, 736.07, 667.69,
636.99. HRMS electrospray (m/z): [M — OSO2CF3]" caled for C4sHa7N304PPdS2: 890.3329, found

890.3325.
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Following the general procedure, a mixture containing 4-chlorobenzaldehyde (39.7 mg,
0.28 mmol), RuPhos (131.9 mg, 0.28 mmol), and (COD)Pd(CH2SiMes)2 (100.0 mg, 0.26 mmol)
was stirred in cyclohexane (1.5 mL) at rt for 16 h. General work up afforded 1F as a white solid

(166.0 mg, 91%).

'H NMR (400 MHz, CD2CL) 8(19.83 (s, 1H), 7.64 (m, 2H), 7.46 (tt, /= 7.7. 1.6 Hz, 1H),
7.40 (m, 5H), 6.89 (ddd, /= 7.7,3.2, 1.4 Hz, 1H), 6.66 (d, J= 8.5 Hz, 2H), 4.64 (hept, J= 6.1 Hz,
2H), 2.11 (m, 2H), 1.68 (m, 12H), 1.39 (d, /= 6.0 Hz, 6H), 1.18 (m, 6H), 1.03 (d, /= 6.1 Hz, 6H),
0.77 (m, 2H).OC NMR (101 MHz, CD:Cl2) & 192.86, 159.84, 154.40, 145.37, 145.19, 138.25,
138.21, 135.60, 133.61, 133.26, 133.10,,132.99, 131.50, 131.32, 131.30, 127.36, 127.06. 127.00,
111.36,111.32,:107.76, 71.62.34.46,34.19,28.82,28.37,28.35, 27.68.,27.54, 27.48. 27 .35, 2723,
26.59, 26.58, 22.44, 21.86 (observed complexity is due to C—P coupling).[1*'P NMR (121 MHz,
CD2Cl2) 8 33.19.00FT-IR (neat, cm™"): 2928.23, 2849.21, 2812.38, 2721.21, 1693.19, 1652.71,
1591.79, 1572.27, 1551.15, 1506.8, 1456.37, 1382.73, 1371.34, 1329.84, 1295.43, 1268.02,
1243.71,1216.23, 1166.08, 1113.54, 1074.07, 1054.93, 1011.02, 1004.34, 939.3, 917.45, 896.81,
888.89, 848.95, 837.59, 810.58, 778.57, 763.38, 744.18, 737.98, 724, 674.14, 612.18.1Anal.
Caled. for C37HasClO3PPd: C, 62.27; H, 6.78. Found: C, 62.45; H, 6.93.
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Cyz 0

Following the general procedure, a mixture containing 4-chloroacetophenone (36.7 pL,
0.28 mmol), RuPhos (131.9 mg, 0.28 mmol), and (COD)Pd(CH2SiMe3)2 (100.0 mg, 0.26 mmol)
was stirred in cyclohexane (1.5 mL) at rt for 16 h. General work up afforded 1G as a white solid
(187.1 mg, 80%).

'H NMR (400 MHz, CD2Cl2) & 7.63 (m, 2H), 7.47 (m, 3H), 7.40 (m, 1H), 7.27 (m, 2H),
6.88 (ddd, J=7.7, 3.2, 1.4 Hz, 1H), 6.65 (d, J= 8.5 Hz, 2H), 4.64 (hept, J = 6.1 Hz, 2H), 2.49 (s,
3H), 2.12 (m, 2H), 1.68 (m, 12H), 1.39 (d, /= 6.0 Hz, 6H), 1.18 (m, 6H), 1.02 (d, /= 6.1 Hz, 6H),
0.79 (m, 2H).0"*C NMR (101 MHz, CD2Cl2) § 198.60, 159.72, 151.23, 151.22, 145.37, 145.20,
137.70, 137.67, 135.45, 133.70, 133.58, 133.33, 133.09, 132.99, 131.51, 131.25, 131.23, 127.01,
126.95, 126.31, 126.30, 111.61, 111.58, 107.76, 71.59, 34.45, 34.18, 28.83, 28.38, 28.36, 27.68,
27.55,27.49, 27.36, 27.24, 26.74, 26.61, 26.60, 22.45, 21.86 (observed complexity is due to C—P
coupling).[*'P NMR (121 MHz, CD:Cl) & 33.19.00FT-IR (neat, cm™): 2937.05, 2849.21,
1672.81, 1590.71, 1570.43, 1541.83, 1453.46, 1383.73, 1370.46, 1350.76, 1296.23, 1270.06,
1246.23, 1177.32, 1131.31, 1112.59, 1075.99, 1057.28, 1008.91, 952, 919.43, 900.05, 847.69,
820.15, 807.81, 777.15, 758.83, 739.52, 724.42, 667.86, 614.63, 596.58, 578.79, 572.06, 557.85,
555.93, 553.94.01Anal. Calcd. for C3sHs0ClO3PPd: C, 62.72; H, 6.93. Found: C, 62.68; H, 6.98.

294



Following the general procedure, a mixture containing 4-chlorobenzophenone (61.2 mg,
0.28 mmol), RuPhos (131.9 mg, 0.28 mmol), and (COD)Pd(CH2SiMes)2 (100.0 mg, 0.26 mmol)
was stirred in cyclohexane (1.5 mL) at rt for 16 h. General work up afforded 1H as a white solid

(170.3 mg, 84%).

"H NMR (400 MHz, CD2Cl2) §[17.72 (m, 2H), 7.65 (m, 2H), 7.56 (m, 1H), 7.46 (m, 3H),
7.39 (m, 3H), 7.31 (dd, J = 8.5, 2.0 Hz, 2H), 6.89 (ddd, J= 7.6, 3.1, 1.3 Hz, 1H), 6.66 (d, /= 8.4
Hz, 2H), 4.64 (hept, J = 6.2 Hz, 2H), 2.15 (m, 2H), 1.68 (m, 12H), 1.39 (d, J = 6.0 Hz, 6H), 1.18
(m, 6H), 1.03 (d, /= 6.0 Hz, 6H), 0.79 (m, 2H).[1"3*C NMR (101 MHz, CD2Cl2) 8 197.01, 159.80,
150,68, 14542, 145,25, 139.09; 137.53, 13749, 135.53; 133.75, 133,38, 133.30,, 133.09; 132.98,
132.21, 131.53, 131.28, 131.26, 130.25, 128.58, 128.33, 128.31, 127.02, 126.96, 111.48, 111.44,
107.73, 71.57, 34.40, 34.13, 28.79, 28.35, 28.33, 27.72, 27.59, 27.36, 27.25, 26.58, 22.44, 21.88
(observed complexity is due to C—P coupling).[1*'P NMR (121 MHz, CD2Cl2) & 33.29.[/FT-IR
(neat, cm™'): 2974.7, 2926.53, 2849.69, 1652.22, 1567.46, 1538.81, 1456.24, 1382.54, 1371.38,
1314.3,1300.72, 1278.58, 1244.96, 1174.95,1109.61, 1052.35, 1011.48, 1000.34, 935.09, 919.51,
849.46, 832.32, 785.17, 758.91, 735.49, 725.02, 699.26, 668.36, 651.79, 612.29. Anal. Calcd. for
C43H52C103PPd: C, 65.40; H, 6.64. Found: C, 65.62; H, 6.38.
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Following the general procedure, a mixture containing (4-
chlorophenylethynyl)trimethylsilane (71.6 mg, 0.34 mmol), RuPhos (131.9 mg, 0.28 mmol), and
(COD)Pd(CH2SiMe3)2 (100.0 mg, 0.26 mmol) was stirred in cyclohexane (1.5 mL) at rt for 16 h.
General work up afforded 11 as a white solid (157.7 mg, 78%).

"H NMR (400 MHz, CD2Cl2) 8[17.62 (m, 2H), 7.45 (m, 1H), 7.39 (m, 1H), 7.08 (dd, J =
8.4,2.0 Hz, 2H), 7.01 (d, J = 8.1 Hz, 2H), 6.88 (ddd, /= 7.6, 3.1, 1.4 Hz, 1H), 6.65 (d, /= 8.5 Hz,
2H), 4.63 (hept, J = 6.1 Hz, 2H), 2.21 (m, 2H), 1.67 (m, 13H), 1.38 (d, /= 6.0 Hz, 6H), 1.17 (m,
6H), 1.01 (d, J= 6.1 Hz, 6H), 0.82 (m, 2H), 0.22 (s, 9H). *C NMR (101 MHz, CD>CL) & 159.52,
145.34, 145.17, 142.81, 137.56, 137.52, 135.24, 133.74, 133.37, 133.11, 133.00, 131.50, 131.14,
130.13,126.97,126.91,118.26, 111.99, 111.96, 107.81, 106.45, 92.74, 71.56, 34.42, 34.15, 28.87,
28.34,27.72,27.59,27.49, 27.39, 27.28, 26.64, 22.46, 21.84, 0.30 (observed complexity is due to
C—P coupling). *'P NMR (121 MHz, CD:Clz) § 32.69. FT-IR (neat, cm™): 2920.64, 2850.24,
2153.99, 1573.62, 1475.48, 1452.03, 1383.03, 1367.97, 1294.31, 1273.73, 1238.97, 1175.48,
1110.6, 1054.15, 1012.36, 1003.56, 941.96, 916.46, 866.35, 839.95, 815.21, 787.82, 754.48,
745.71, 730.56, 720.42, 698.18, 659.3. Anal. Calcd. for C41Hs6ClO2PPdSi: C, 62.99; H, 7.22.
Found: C, 63.25; H, 7.09.
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Following the general procedure, a mixture containing Vandetanib (61.7 mg, 0.13 mmol,
Note: 1.01 equiv was used), RuPhos (66.0 mg, 0.14 mmol), and (COD)Pd(CH2S5iMe3)2 (50.0 mg,
0.13 mmol) was stirred in THF (1.5 mL) at rt for 16 h. General work up afforded 1J as an off-
white solid (119.0 mg, 88%).

"H NMR (400 MHz, CD>Cl>) 8(18.54 (s, 1H), 7.85 (t,J = 8.6 Hz, 1H), 7.65 (m, 2H), 7.46
(t,J=7.5Hz, 1H), 7.40 (t, /= 7.4 Hz, 1H), 7.20 (s, 1H), 7.11 (m, 1H), 7.04 (s, 1H), 6.93 (m, 2H),
6.88 (dd, J= 7.6, 3.2 Hz, 1H), 6.67 (d, J = 8.5 Hz, 2H), 4.63 (hept, J = 6.0 Hz, 2H), 3.98 (s, 3H),
2.85 (m, 2H), 2.23 (m, 5H), 1.85 (m, 17H), 1.40 (m, 8H), 1.22 (m, 8H), 1.03 (d, /= 6.1 Hz, 6H),
0.90 (m, 2H). *C NMR (101 MHz, CD2Cl2) & 159.92, 156.93, 154.90, 154.48, 153.96, 150.35,
147.98, 145.33, 145.16, 135.49, 133.80, 133.52, 133.45, 133.14, 133.03, 132.04, 131.99, 131.57,
131.27, 131.25, 126.97, 126.92, 124.08, 123.88, 122.96, 122.85, 122.49, 111.38, 111.34, 109.50,
109.05,107.96,100.30, 74.14, 71.64, 56.91, 55.89,46.82, 35.58,34.50, 34.23,29.68, 28.77, 28.34,
27.80, 27.67, 27.39, 27.28, 26.58, 22.43, 22.39, 21.91 (observed complexity is due to C-P
coupling). *'P NMR (121 MHz, CD2Cl2) & 32.24. FT-IR (neat, cm™): 2926.73, 2849, 2780.97,
1619.76, 1584.47, 1495.57, 1452.88, 1416.66, 1381.79, 1333.79, 1248.7, 1209.65, 1138.06,
1110.84, 1061.64, 1000.91, 940.37, 884.58, 849.88, 817.62, 762.84, 737.25, 667.56, 630.8. Anal.
Calcd. for Cs2He7BrFN4O4PPd: C, 59.57; H, 6.44. Found: C, 59.24; H, 6.41.
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Following a slightly modified general procedure, a mixture of 4,4'-dichlorobenzophenone
(30.0 mg, 0.12 mmol, 1 equiv), RuPhos (1394 mg, 0.30 mmol, 2.5 equiv), and
(COD)Pd(CH2SiMes)2 (116.2 mg, 0.30 mmol, 2.5 equiv) was stirred in cyclohexane (1.2 mL) at rt
for 16 h. General work up afforded 2A as a beige solid (146.8 mg, 88%).

'HNMR (400 MHz, CD2Cl2) 5017.64 (m, 4H), 7.45 (m, 2H), 7.39 (m, 2H), 7.32 (d, J = 8.0
Hz, 4H), 7.25 (dd, J = 8.4, 2.1 Hz, 4H), 6.88 (ddd, /= 7.7, 3.1, 1.3 Hz, 2H), 6.65 (d, /= 8.5 Hz,
4H), 4.64 (hept, J = 6.1 Hz, 4H), 2.14 (m, 4H), 1.70 (m, 24H), 1.39 (d, J = 6.0 Hz, 12H), 1.20 (m,
12H), 1.02 (d, J = 6.0 Hz, 12H), 0.75 (m, 4H). 3*C NMR (101 MHz, CD:Clz) § 197.01, 159.78,
149.09, 145.47, 145.30, 137.25, 137.21, 135.49, 134.06, 133.94, 133.58, 133.06, 132.95, 131.55,
131.23, 131.21, 128.34, 126.98, 126.92, 111.50, 107.69, 71.53, 34.39, 34.12, 28.78, 28.32, 27.73,
27.59,27.38, 27.27, 26.59, 22.44, 21.89 (observed complexity is due to C—P coupling). *'P NMR
(121 MHz, CD:2Cl2) & 33.27. FT-IR (neat, cm™'): 2924.96, 2849.75, 1652.54, 1645.7, 1569.12,
1538.83, 1456.32, 1382.56, 1371.3, 1278.13, 1244.17, 1173.52, 1110.74, 1051.09, 1010.83,
021.17, 848.83, 814.88, 784.1, 751.87, 667.12, 623.81, 612.26, 579.08. Anal. Calcd. for
C73Ho4C1205P2Pd2: C, 62.75; H, 6.78. Found: C, 62.36; H, 6.83.
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1-Benzonitrile

Following the general procedure, a mixture of 4-chlorobenzonitrile (42.4 mg, 0.31 mmol),
RuPhos (144.0 mg, 0.31 mmol), and (COD)Pd(CH2SiMes3)2 (100.0 mg, 0.26 mmol) was stirred in

cyclohexane (1.5 mL) at rt for 16 h. General work up afforded 1-Benzonitrile as a white solid

(186.4 mg, 99%).

'HNMR (400 MHz, CD2Clz) 8[17.62 (m, 2H), 7.51 (tt,J= 7.5, 1.6 Hz, 1H), 7.44 (m, 1H),
7.27 (dd, J=18.0,2.0 Hz, 2H), 7.20 (d, J= 8.0 Hz, 2H), 6.93 (dd, /=7.8, 3.1 Hz; 1H), 6.70(d, J=
8.4 Hz, 2H), 4.65 (hept, J = 6.1 Hz, 2H), 2.08 (m, 2H), 1.89 (m, 2H), 1.78 (m, 4H), 1.67 (m, 4H),
1.56 (m, 2H), 1.37 (d, J = 6.0 Hz, 6H), 1.20 (m, 6H), 1.03 (d, J = 6.0 Hz, 6H), 0.85 (m, 2H). '*C
NMR (101 MHz, CD2Cl2) & 160.15, 139.17, 139.13, 133.70, 133.60, 132.71, 131.75, 129.68,
127.56, 127.50, 120.54, 108.36, 107.04, 72.10, 35.11, 34.84, 29.69, 29.16, 27.81, 27.69, 27.61,
27.47, 26.85, 26.84, 22.49, 21.94. (observed complexity is due to C—P coupling). *'P NMR (121
MHz, CD2Cl2) 8 33.46. FT-IR (neat, cm™'): 2927.23, 2849.55,2223.84, 1591.35, 1575.29, 1473.98,
1450.97, 1383.19, 1371.34, 1274.04, 1243.98, 1174.33, 1130.21, 1114.05, 1055.96, 1014.33,
1003.94, 849.24, 834.6, 809.39, 778.82, 761.92, 743.75, 737.28, 723.9, 714.69, 612.21. HRMS
electrospray (m/z): [M — Cl]" calcd for C37H47NO2PPd: 674.2392, found 674.2411.
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Cyz

1-Vinyl

Following the general procedure, a mixture containing 4-bromo-1,2,3,6-tetrahydro-1,1'-
biphenyl (30.0 mg, 0.127 mmol), RuPhos (59.0 mg, 0.127 mmol), and (COD)Pd(CH2SiMe3)2(44.7
mg, 0.115 mmol) was stirred in cyclohexane (0.75 mL) at rt for 16 h. General work up afforded 1-
Vinyl as a yellow solid (80.0 mg, 86%).

'HNMR (400 MHz, CD2Cl2) 8 7.66 (td, J= 7.0, 1.9 Hz, 1H), 7.56 (t, J = 8.4 Hz, 1H), 7.40
(m, 2H), 7.23 (m, 4H), 7.14 (m, 1H), 6.82 (m, 1H), 6.60 (m, 2H), 4.94 (s, 1H), 4.56 (m, 2H), 2.90
(m, 3H), 1.90 (m, 18H), 1.25 (m, 22H). *C NMR: could not be obtained due to complex
decomposition in solution (CD2Cl2; > 4 h). *'P NMR (121 MHz, CD2CL) & 29.17, 28.89. FT-IR
(neat, cm™): 2970.4, 2923.13, 2844.48, 1576.18, 1455.04, 1387.01, 1375.4, 1283.43, 1252.95,
1201.89, 1172.85, 1141.69, 1110.95, 1065.66, 1026.88, 997.97, 968.22, 902.49, 891.58, 847.07,
775.05, 767.23, 759.11, 748.35, 741.77, 726.46, 694.67, 676.18, 612.58. Anal. Calcd. for
Cs2Hs6BrO2PPd: C, 62.26; H, 6.97. Found: C, 62.03; H, 6.85.
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4.4.7. Peptide synthesis

All peptides were synthesized on a 0.2 mmol scale using manual Fmoc-SPPS chemistry
under flow using a 3 min cycle for each amino acid.?® Specifically, all reagents and solvents were
delivered to a stainless steel reactor containing resins at a constant flow rate using HPLC pump;
the temperature of the reactor was maintained at 60 °C during the synthesis using a water bath.
The procedure for each amino acid coupling cycle included: 1) a 30 s coupling with 1 mmol of the
corresponding Fmoc-protected amino acid, 1 mmol HBTU, and 500 pL of diisopropyl ethyl amine
(DIPEA) in 2.5 mL of DMF at a flow rate of 6 mL/min (note that for the coupling of cysteine and
tryptophan, 190 pL. of DIPEA was used to prevent racemization); 2) 1 min wash with DMF at a
flow rate of 20 mL/min; 3) 20 s deprotection with 50% (v/v) piperidine in DMF at a flow rate of
20 mL/min; and 4) 1 min wash with DMF at a flow rate of 20 mL/min. After completion of the
stepwise SPPS, the resin was washed thoroughly with DCM and dried under vacuum. The peptide
was simultaneously cleaved from the resin and deprotected on the side-chains by treatment with
2.5% (v/v) water, 2.5% (v/v) 1,2-ethanedithiol (EDT), and 1% (v/v) triisoproprylsilane in neat
trifluoroacetic acid (TFA) for 2 h at room temperature. The solvent from the resulting solution
containing the target peptide was evaporated by purging with nitrogen gas for 15 min. The residue
was then triturated and washed with cold diethyl ether three times. The obtained gummy-like solid

was dissolved in 50% H20: 50% acetonitrile containing 0.1% TFA and lyophilized.
4.4.8. Peptide purification

The crude peptide was dissolved in 95% A: 5% B with 6 M guanidinium hydrochloride
and purified by semi-preparative RP-HPLC (Agilent Zorbax SB Cis column: 21.2 x 250 mm, 7
um, linear gradient: 5-50% B over 90 min, flow rate: 5 mL/min). Each HPLC fraction was analyzed
by MALDI-TOF mass-spectrometry. Specifically, 1 pL of each HPLC fraction was mixed with 1
pL of a-cyano-4-hydroxycinnamic acid (CHCA) matrix in 75% A: 25% B and the resulting
mixture was analyzed for the desired molecular mass using MALDI-TOF. The purity of the
fractions containing the desired peptide was further analyzed by analytical RP-HPLC (Agilent
Zorbax SB Cs column: 2.1 x 150 mm, 5 pm, gradient: 0-2 min 5% B, 2-11 min 5-65% B, 11-12
min 65% B, flow rate: 0.8 mL/min). HPLC fractions containing pure product were further
confirmed by LC-MS, combined, and lyophilized. Peptides synthesized using fast flow-based
SPPS and purified by RP-HPLC are listed in Table 4.4.

301



Table 4.4. Sequences and masses of peptides synthesized by fast-flow peptide synthesizer.

Peptide Sequence* Calculated Observed
mass mass
P1 NH2-RSNFYLGCAGLAHDKAT-CONH:2 1821.89 1821.89
P1-Ser NH2-RSNFYLGSAGLAHDKAT-CONH2 1805.92 1805.92
P2 NH2-RSNFFLGCAGA-CONH:2 1140.55 1140.55
P3 NH2-IKFTNCGLLCYESKR-CONH2 177291 177291

Cysteine residues and the corresponding serine residue in P1-Ser are highlighted in red.
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4.4.9. Procedures and LC-MS analysis of palladium-mediated conjugation under

different reaction conditions

General procedure A (Table 4.1, entries 3-7, 10, 13-15, 18, 19). Peptide P1 (4 uL, 150 uM
in water), H2O (47 pL), organic solvent (1 uL), and the buffer (6 pL, 1 M) were combined in a 0.6
mL plastic Eppendorf tube and the resulting solution was mixed by vortexing for 10 s. A stock
solution of the palladium complex (2 pL, 600 uM) in organic solvent was added in one portion,
the reaction tube was vortexed to ensure proper reagent mixing and left at room temperature for 5
min. The reaction was quenched by the addition of 3-mercaptopropionic acid (6.3 pL, 0.05 pL/mL
solution in water, 3 equiv to the palladium complex). After an additional 5 min, a solution of 50%
A:50% B (v/v, 60 uL) was added to the Eppendorf and the reaction mixture was analyzed by LC-
MS. Final concentrations of the reaction before quenching: peptide P1 — 10 uM, Pd-complex — 20
uM, Buffer — 100 mM; organic solvent: H>O = 5: 95.

Effect of concentrations of peptides and palladium complexes (Table 4.1, entries 1-3).

Procedure for entries 1 and 21. Peptide P1 or P1-Ser (4 puL, 15 mM in water), H20 (32
pL), and Tris base buffer (4 uL, 1 M, pH 8.5) were combined in a 0.6 mL plastic Eppendorf tube
and the resulting solution was mixed by vortexing for 10 s. A stock solution of complex 1A-OTf

(20 pL, 6 mM) in CH3CN was added in one portion, the reaction tube was vortexed to ensure
proper reagent mixing and left at room temperature for 5 min. The reaction was quenched by the
addition of 3-mercaptopropionic acid (6.3 pL, 5 pL/mL solution in water, 3 equiv to 1A-OTf).
After an additional 5 min a solution of 50% A: 50% B (v/v, 550 pL) was added to the Eppendorf
and the reaction mixture was analyzed by LC-MS. Final concentration of the reaction before

quenching: peptide — 1 mM, 1A-OTf - 2 mM, Tris buffer — 100 mM; CH3CN: H20 = 1: 2.
Procedure for entry 2. Peptide P1 (4 puL, 1.5 mM in water), H20 (47 pL), CH3CN (1 pL),

and Tris buffer (6 uL, 1 M, pH 8.5) were combined in a 0.6 mL plastic Eppendorf tube and the

resulting solution was mixed by vortexing for 10 s. A stock solution of the palladium complex (2

pL, 6 mM) in CH3CN was added in one portion, the reaction tube was vortexed to ensure proper
reagent mixing and left at room temperature for 5 min. The reaction was quenched by the addition

of 3-mercaptopropionic acid (6.3 pL, 0.5 pL/mL solution in water, 3 equiv to the palladium
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complex). After an additional 5 min, a solution of 50% A: 50% B (v/v, 60 pL) was added to the
Eppendorf and the reaction mixture was analyzed by LC-MS. Final concentrations of the reaction
before quenching: peptide — 100 uM, 1A-OTf - 200 uM, Tris buffer — 100 mM; CH3CN : H20 =
3295,

1. 100 mM Tris
pH 8.5
CH;CN: H,0
(1:2)
HzN‘/Y\C(O)Nﬂz + Pro = gan CO_’. HzN—A(\C(O)NHZ
HS ‘“s:;: # SAr
Ar = 4-tolyl
1 8::li\" REA y
Pd-species
P1-A decomposition
1 mM by-products
Entry 1 P1 N i
1 3 5 7 9 11 13 15 17 19 21 23
time [min]
Pd-species
P1a decomposition
100 uM P1 products
Entry 2 . '

10 uM Pla

Entry 3 2 i: i

i 3 5 7 9 11 13 15 17 19 21 23
time [min]

Figure 4.18. LC-MS chromatograms of reactions with different concentrations of peptide

and palladium reagents.
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Effect of pH on the bioconjugation reaction (entries 3—5, 10-17)
Experimental procedure for entries 3-5 followed general procedure A.

Experimental procedure for entries 11 and 12. Peptide P1 (6 uL, 100 uM in water), H.O
(39 uL), and the buffer (12 uL, 1 M Tris or 0.5 M MOPS) were combined in a 0.6 mL plastic
Eppendorf tube and the resulting solution was mixed by vortexing for 10 S. A stock solution of the
palladium complex (3 pL, 400 uM) in CH3CN was added in one portion, the reaction tube was
vortexed to ensure proper reagent mixing and left at room temperature for 5 min. The reaction was
quenched by the addition of 3-mercaptopropionic acid (6.3 pL, 0.05 pL/mL solution in water, 3
equiv to the palladium complex). After an additional 5 min, a solution of 50% A: 50% B (v/v, 60
puL) was added to the Eppendorf and the reaction mixture was analyzed by LC-MS (LC-MS data
shown was acquired using Method C). Final concentrations of the reaction before quenching:
peptide P1 — 10 uM, Pd-complex — 20 uM, Buffer — 200 mM Tris or 100 mM MOPS; organic
solvent: H2O = 5: 95.

Experimental procedure for entries 16 and 17. Peptide P1 (4 pL, 150 uM in water),
0.1% TFA solution in H20 (53 puL), and CH3CN (1 pL) were combined in a 0.6 mL plastic
Eppendorf tube and the resulting solution was mixed by vortexing for 10 s. A stock solution of
1A-OTf (2 pL, 600 uM) in organic solvent was added in one portion, the reaction tube was
vortexed to ensure proper reagent mixing and left at room temperature for 5 min or 7 h 20 min.
The reaction was quenched by the addition of 3-mercaptopropionic acid (6.3 pL, 0.05 pL/mL
solution in water, 3 equiv to 1A-OTf). After an additional 5 min, a solution of 50% A: 50% B (v/v,
60 pL) was added to the Eppendorf and the reaction mixture was analyzed by LC-MS. Final
concentrations of the reaction before quenching: peptide — 10 uM, 1A-OTf — 20 puM, pH = 2.0,
CH3CN: H20 = 5: 95.
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Figure 4.19. LC-MS chromatograms of reactions at different pH (pH >=7).
(a) Reactions using Tris buffers with pH > 7. (b) Reactions using buffers with pH = 7.
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Figure 4.20. LC-MS chromatograms of reactions at different pH (pH < 7).
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Effect of the buffer on the bioconjugation reaction (Table 4.1, entries 5-9)

Experimental procedure for entry 8. Peptide P1 (4 pL, 150 pM in water), H20 (23 uL),
CH3CN (1 pL), and Na2HPO4/NaH2POs buffer (30 pL, 0.2 M, pH 7.5) were combined ina 0.6 mL
plastic Eppendorf tube and the resulting solution was mixed by vortexing for 10 S. A stock solution
of 1A-OTf (2 uL, 600 uM) in CH3CN was added in one portion, the reaction tube was vortexed
to ensure proper reagent mixing and left at room temperature for 5 min. The reaction was quenched
by the addition of 3-mercaptopropionic acid (6.3 uL, 0.05 pL/mL solution in water, 3 equiv to 1A-
OTY). After an additional 5 min, a solution of 50% A: 50% B (v/v, 60 uL) was added to the
Eppendorf and the reaction mixture was analyzed by LC-MS. Final concentration of the reaction

before quenching: peptide — 10 uM, 1A-OTf — 20 uM, NaaHPO4/NaH2PO4 — 100 mM; CH3CN:
H20 = 5: 95.

Experimental procedure for entry 9. Peptide P1 (4 pL, 150 uM in water), H20 (51.5
puL), CH3CN (1 uL), and Tris buffer (1.5 pL, 1 M, pH 7.5) were combined in a 0.6 mL plastic
Eppendorf tube and the resulting solution was mixed by vortexing for 10 s. A stock solution of
1A-OTf (2 uL, 600 uM) in CH3CN was added in one portion, the reaction tube was vortexed to
ensure proper reagent mixing and left at room temperature for 5 min. The reaction was quenched
by the addition of 3-mercaptopropionic acid (6.3 uL, 0.05 pL/mL solution in water, 3 equiv to 1A-
OTY). After an additional 5 min, a solution of 50% A: 50% B (v/v, 60 uL) was added to the
Eppendorf and the reaction mixture was analyzed by LC-MS. Final concentration of the reaction
before quenching: peptide — 10 uM, 1A-OTf — 20 uM, Tris Buffer — 25 mM; CH3CN: H20 = 5:
95.
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Figure 4.21. LC-MS chromatograms of reactions with different buffers.
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Effect of organic co-solvent on the bioconjugation reaction (Table 4.1, entries 5, 18, 19).

1. 100 mM Tris
pH 7.5
Solvent: H,0
(5: 95)
HoN Jﬁl\ctomn2 + iPrO : smin zN_/\{\‘c(mm2
HS A HS /\v Co:H <A
5 min
P1 Ar = 4-tolyl
10 uM P1-A
Pd-species
CHsCN decomposition
: by-products
Entry 5 o = :

P1-A

DMF

Entry 18 T DNT: | R S
P1-A

\

Entry 19 R L i o

1 3 5 7 9 11 13 15 17 19 21 23
time [min]

Figure 4.22. LC-MS chromatograms of reactions with different organic co-solvents.
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Reaction in the presence of TCEP (entry 20).

Reaction procedure. Peptide P1 (4 pL, 150 puM in water), TCEP (2 pL, 600 uM), H20
(45 pL), CH3CN (1 pL), and Tris buffer (6 uL, 1 M, pH 7.5) were combined in a 0.6 mL plastic
Eppendorf tube and the resulting solution was mixed by vortexing for 10 8. A stock solution of
1A-OTf (2 pL, 600 pM) in CH3CN was added in one portion, the reaction tube was vortexed to
ensure proper reagent mixing and left at room temperature for 5 min. The reaction was quenched
by the addition of 3-mercaptopropionic acid (6.3 pL, 0.1 pL/mL solution in water, 6 equiv to 1A-
OTY). After an additional 5 min, a solution of 50% A: 50% B (v/v; 60 pL) was added to the
Eppendorf and the reaction mixture was analyzed by LC-MS (LC-MS data shown was acquired
using Method C). Final concentration of the reaction before quenching: peptide — 10 uM, 1A-OTf
—20 uM, TCEP - 20 puM; Tris buffer — 100 mM; CH3CN: H20 = 5: 95.

1. 100 mM Tris
pH 7.5

TCEP (20 uM)

CH:;CN H Hzo
(5:95)

L >  HN C(O)NH,
Z'HS /\/CDZH

5 min SAr
Ar = 4-tolyl

P1-A

10 uM

Pd-species
P1-A decomposition
by-products

time [min]

Figure 4.23. LC-MS chromatograms of the reaction in the presence of TCEP.
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4.4.10. Procedures and LC-MS analysis of palladium-mediated conjugation with

different palladium complexes

The modified peptide P1-A was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 uM, 1A-OTf - 20 uM, 0.1 M Tris (pH 7.5), CH3CN:
H>O = 5: 95.

The modified peptide P1-B was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 uM, 1B — 20 pM, 0.1 M Tris (pH 7.5), CH3CN: H20 =
5:95.

The modified peptide P1-C was synthesized according to standard procedure A. The
redction was quenched by the addition of 3-mercaptopropionic acid (6.3 pL, 0.05 pL/mL solution
in water, 2 equiv to 1C). Final conditions before quenching: peptide — 10 uM, 1C -30 uM, 0.1 M
Tris (pH 7.5), CH3CN: H20 = 5: 95.

The modified peptide P1-D was synthesized according to standard procedure A. The
reaction was quenched by the addition of 3-mercaptopropionic acid (6.3 pL, 0.05 pL/mL solution
in water, 2 equiv to 1D). Final conditions before quenching: peptide — 10 uM, 1D — 30 uM, 0.1 M
Tris (pH 7.5), CH3CN: H20 = 5: 95.

The modified peptide P1-E was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 uM, 1E — 20 uM, 0.1 M Tris (pH 7.5), CH3CN: H20 =
5:95.
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Figure 4.24. LC-MS analysis of peptide conjugation reactions with palladium complexes 1A-
OTf (a), 1B (b), 1C (c), 1D (d), and 1E (e).
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The modified peptide P1-A was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 pM, 1A-X (X = Cl, Br, I) —20 uM, 0.1 M Tris (pH 7.5),
CH3CN: H20 = 5: 95.

The modified peptide P1-F was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 uM, 1F — 20 pM, 0.1 M Tris (pH 7.5), CH3CN: H20 =
5:95. Note: The product peak in the TIC contained a shoulder with the observed masses: [M+3H]**
= 636.99; [M+2H]*" = 954.98. This data corresponds to a product with Mshoutder = [Mp1g— H20],
which can form as a result of reversible imine formation in the reaction between the aldehyde and

the lysine residue within the peptide.

The modified peptide P1-G was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 pM, 1G — 20 uM, 0.1 M Tris (pH 7.5), CH3CN: H20 =
5: 95.

The modified peptide P1-H was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 pM, 1H — 20 uM, 0.1 M Tris (pH 7.5), CH3CN : H20
=5:05.

The modified peptide P1-I was synthesized according to standard procedure A. The
reaction was quenched by the addition of 3-mercaptopropionic acid (6.3 pL, 0.05 pL/mL solution
in water, 1 equiv to 1I). Final conditions before quenching: peptide — 10 uM, 11 - 60 pM, 0.1 M
Tris (pH 7.5), CH3CN: H20 = 5: 95. '

The modified peptide P1-J was synthesized according to standard procedure A. Final
conditions before quenching: peptide — 10 uM, 1J — 20 uM, 0.1 M Tris (pH 7.5), CH3CN: H20 =
5: 95.

The modified peptide P1-Vinyl was synthesized according to standard procedure A. The
reaction was quenched by the addition of 3-mercaptopropionic acid (6.3 pL, 0.05 pL/mL solution
in water, 1.5 equiv to 1-Vinyl). Final conditions before quenching: peptide — 10 uM, 1-Vinyl — 40
uM, 0.1 M Tris (pH 7.5), CH3CN: H20 = 5: 95.
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1. 100 mM Tris
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Figure 4.25. LC-MS analysis of peptide conjugation reactions with palladium complexes

1A-halide (halide = Cl, Br, or I) (a), 1F (b), and 1G (c).
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Figure 4.26. LC-MS analysis of peptide conjugation reactions with palladium complexes

1H (a), 11 (b), 1J (¢), and 1-Vinyl (d).
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4.4.11. Procedures for peptide stapling reactions

Peptide P3 (4 pL, 150 uM in water), H20 (23 pL), and Tris buffer (3 uL, 1 M, pH 7.5)
were combined in a 0.6 mL plastic Eppendorf tube and the resulting solution was mixed by
vortexing for 10 s. A stock solution of palladium complex 2A (30 pL, 40 uM) in CH3CN was
added in one portion, the reaction tube was vortexed to ensure proper reagent mixing and left at
room temperature for 10 min. The reaction was quenched by the addition of 3-mercaptopropionic
acid (6.3 pL, 0.1 pL/mL solution in water, 6 equiv. to 2A). After an additional 5 min a solution of
50% A: 50% B (v/v, 60 pL) was added to the Eppendorf and the reaction mixture was analyzed
by LC-MS (injection: 3 pL). Final concentration of the reaction before quenching: peptide P3 —
10 uM, 2A — 20 puM, Tris buffer — 100 mM; pH 7.5; CH3CN: H20 =1: 1.

[M+3HP3+ Psgﬁ
651.32 [M+2H]
P3-A peak 976.:16
area = :
600 800 1000
20 pmol
product 1993 27593w&. e
121071774

reaction

i1 3 5 7 9 11 13 15 17 19 21 23
time [min]

control AP A ancEN

Figure 4.27. LC-MS chromatograms for peptide stapling reactions and controls.
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Figure 4.28. LC-MS standard curve for the stapled peptide product P3-A.
(a) LC-MS chromatograms for analysis of various amount of P3-A. (b) Linear fitting of the
amounts of P3-A to the area under the LC-MS TIC curves.
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4.4.12. Stability of palladium complexes

All synthesized palladium(IT) complexes were stored in closed 5 mL scintillation vials
under air at 4 °C. The long-term stability (4.5 — 10.5 months) of the 4-tolyl complexes (1A-1, 1A-
Br, 1A-Cl, and 1A-OTf) was evaluated by 'H NMR spectroscopy in CD2Cl2. Only 1A-OTf
showed some decomposition after 4.5 months of storage in air (15% of a new RuPhos-containing
by-product was detected). The reactivity of this "aged" complex was tested under standard
conditions for cysteine arylation of peptide P1 (Procedure A), and proved to be similar to the

reactivity of the freshly made 1A-OTf (Figure 4.5).

1A-1
4.5 months
) 8 7 6 5 4 3 2 1 (
b (ppm)}(1H)
oPr PCya
Pros A @-@m
O Br
1A-Br
5.5 months
) 8 7 6 5 4 3 2 1 (
(ppm)(1H)

Figure 4.29. '"H-NMR spectra of palladium complexes 1A-I (a) and 1A-Br (b) after months

of storage.
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Figure 4.30. "H-NMR spectra of palladium complexes 1A-Cl (a) and 1A-OTf (b) after months
of storage.
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4.4.13. Stability evaluation of cysteine peptide conjugates

Synthesis and purification of modified model peptides

P1-A P1-Acetamide P1-Bn

H,N JY\C(O)NH, H,N —/Y\C(O)NHZ H,N —/Y\C(O)NHz

s s s
Oﬁ) on

NH,,

Me

To a solution of peptide P1 (3 pmoles) in Tris buffer (2 mL, 0.1 M, pH 8.0) in a 5-mL
Eppendorf tube was added the corresponding labeling reagent (15 pmoles; 1A for PI-A,
1odoacetamide for P1-Acetamide, and benzylbromide for P1-Bn) dissolved in CH3CN (1 mL). The
reaction was vortexed for 20 s to ensure proper reagent mixing and left at room temperature for 30
min. After this time, 20 mL of solvent A (0.1% TFA in water) was added to quench the reaction.

The resulting solution was filtered and subjected to HPLC purification.

P1-Succinimide

HoN ~/Y\C(0)NH2

S
£re
N.
O E
To a solution of peptide P1 (3 umoles) in MES buffer (2 mL, 0.1 M, pH 6.0) in a 5-mL
Eppendorf tube was added N-ethyl maleimide (15 pmoles) dissolved in CH3CN (1mL). The
reaction was vortexed for 20 s to ensure proper reagent mixing and left at room temperature for 30
min. After this time, 20 mL of solvent A (0.1% TFA in water) was added to quench the reaction.

The resulting solution was filtered and subjected to HPLC purification.

H,N —/ﬁ/\ctomn2

S

@ P2-tol

Me

To a solution of peptide P2 (9.5 pmoles) in Tris buffer (1.1 mL, 0.1 M, pH 8.0) ina 5-mL
Eppendorf tube was added 1A (19 pumoles) dissolved in CH3CN (1.1 mL). The reaction was
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vortexed for 20 s to ensure proper reagent mixing and left at room temperature for 30 min. After
this time, thiopropionic acid (30.6 pL in 2 mL H20) was added to quench the reaction. The
resulting precipitate was spinned down, separated from the solution and washed with an additional
1 mL of 0.1% TFA in water. The resulting solutions were combined and subjected to HPLC
purification. Note: ICP-MS analysis of the pure isolated peptide showed 2.9 ppm remaining

palladium content.

H.N —/ﬁl\cwmn2 H,N _jﬁlkcm)m-:2 HoN JY\C(O)NHZ HoN _/Y\C(O)NHZ
]

S S S

H,N
P2-PhCN ©) P2-Bn @2 P2-BnCN TH P2-Acetamide
0
NC

To a solution of peptide P2 (10 pmoles) in Tris buffer (1 mL, 0.1 M, pH 8.0) in a 5-mL

CN

Eppendorf tube was added the corresponding labeling reagent (11 pmoles; 1-Benzonitrile for P2-
PhCN, benzylbromide for P2-Bn, p-cyanobenzylbromide for P2-BnCN, and iodoacetamide for P2-
Acetamide) dissolved in CH3CN (ImL). The reaction was vortexed for 20 s to ensure proper
reagent mixing and left at room temperature for 30 min. After this time, 10 mL of solvent A (0.1%
TFA in water) was added to quench the reaction. The resulting solution was filtered and subjected

to HPLC purification.

P2-Succinimide

H,N —/Y\C(O)NHz

s
£r
N
O Et
To a solution of peptide P2 (10 pmoles) in MES buffer (1 mL, 0.1 M, pH 6.0) in a 5-mL
Eppendorf tube was added N-ethyl maleimide (11 pmoles) dissolved in CH3CN (1 mL). The
reaction was vortexed for 20 s to ensure proper reagent mixing and left at room temperature for 30

min. 10 mL of solvent A (0.1% TFA in water) was added to quench the reaction. The resulting

solution was filtered and then subjected to HPLC purification.
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Stability evaluation in the presence of base, acid or an external thiol nucleophile

Peptide P1 conjugates were pre-dissolved in water in plastic Eppendorfs to afford the 1.11
mM stock solutions used in the stability evaluation experiments. For each experiment, the
corresponding cysteine conjugate (1.11 mM; 18 pl) and stability test reagent (2 uL, 50 mM in
H>0 or 50 mM in 1M Tris, pH 7.4) were combined in a plastic Eppendorf and left at rt for 2 days,
followed by 4 days at 37 °C. After this time, individual reactions were quenched with a solution

of 50% A: 50% B (v/v, 200 pL) and the resulting samples were analyzed by LC-MS (Figure 4.31).
Basic conditions
Stability test reagent: K2CO3 (2 uL., 50 mM in H20);
Final conditions before quenching: ImM peptide, 5 mM K2CO3; 2 d atrt, then 4 d at 37 °C.
Acidic Conditions
Stability test reagent: HC1 (2 uL, 1 M in H20);
Final conditions before quenching: 1 mM peptide, 0.1 M HCI; 2 d at rt, then 4 d at 37 °C.
Presence of External Thiol Nucleophiles: GSH
Stability test reagent: Glutathione (2 uL, 50 mM in 1 M Tris; pH 7.4);

Final conditions before quenching: 1 mM peptide, 5 mM GSH, 0.1M Tris, pH 7.4; 2 d at
rt, then 4 d at 37 °C.

Stability of cysteine conjugates toward oxidation

Peptide P2 conjugates were pre-dissolved in water in plastic Eppendorfs to afford the 111.1
uM stock solutions used in the oxidation stability evaluation experiments. The corresponding
cysteine conjugates (18 pL, 111.1 pM in H20) and HsIOs (2 pl, 4 mM in H20) were then
combined in a plastic Eppendorf, mixed using a vortexer and transferred into a pre-heated water
bath at 37 °C. Individual reactions were quenched with NaSO;3 (20 uL, 4 mM in H20) after 10
min, 30 min, 1 h, 2 h, 4 h, and 6 h, and the resulting mixtures were kept at rt for an additional 10
min. Subsequently, a solution of 50% A: 50% B (v/v, 160 pnL) was added and the resulting samples
were analyzed by LC-MS (Figure 4.32). Final conditions before quenching: 100 uM peptide, 400
uM HsIOs, 37 °C.
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Figure 4.31. LC-MS chromatograms for the experiments evaluating the stability of cysteine
conjugates in the presence of base, acid, and external thiol nucleophiles (GSH).

(a) Analysis of the stability of Pla. (b) Analysis of the stability of P1-Bn. (¢) Analysis of the
stability of P1-Acetamide. (d) Analysis of the stability of P1-Succinimide.
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Figure 4.32. LC-MS chromatograms for the experiments evaluating the stability of cysteine

conjugates against oxidation.

(a) Analysis of the stability of P2-Tol. (b) Analysis of the stability of P2-PhCN. (¢) Analysis of
the stability of P2-Bn. (d) Analysis of the stability of P2-BnCN. (e) Analysis of the stability of

P2-Acetamide. (f) Analysis of the stability of P2-Succinimide.
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4.4.14. Evaluation of the reaction rate of palladium-mediated cysteine conjugation

Kinetic parameters of the maleimide conjugation at biologically relevant pH are typically
determined by extrapolation of the results obtained at lower pH, at which the reaction is
significantly slower.'® This approach could not be applied to our system due to potential variation
of the reactive species structure at different pH. Both of the bioconjugation reactions are extremely
fast and reach completion at room temperature at pH 7.5 in less than 30 s. Therefore, the rate of
the process was estimated through a competition experiment between palladium reagent 1A-OTf
and N-ethyl maleimide at pH 7.5 and pH 5.5 in the reaction with peptide P2. First, the
orthogonality of the palladium complex and the maleimide reagent was established by dissolving
equimolar quantities of N-ethyl maleimide and complex 1A-OTf in CD3CN and subsequent
analysis of the resulting solution by 'H, *'P and '°F NMR spectroscopies (Figure 4.33).

Procedure for Competition Experiments.

Peptide P2 (4 uL, 150 uM), H20 (47 uL), Tris buffer (6 uL., 1 M, pH 7.5 or pH 5.5), and
CH3CN (1 pL) were combined in a 0.6 mL plastic Eppendorf tube and the resulting solution was
mixed using a vortexer. A stock solution of the bioconjugation reagent(s) (2 pL, 600 uM N-ethyl
maleimide, 600 uM 1A-OTT, or [600 uM N-ethyl maleimide and 600 uM 1A-OT{]) in CH3CN
was added in one portion, the reaction tube was vortexed to ensure proper reagent mixing and left
at room temperature for 5 min. The reaction was quenched by the addition of 3-mercaptopropionic
acid (6.3 uL, 0.05 pL/mL solution, 3 equiv to 1A-OTY). After an additional 5 min a solution of
50% A: 50% B (v/v, 60 OL) was added to the Eppendorf and the reaction mixture was analyzed
by LC-MS (Fig. S6).

Final conditions before quenching:

Experiment 1. P2 — 10 uM, N-ethyl maleimide — 20 uM, 0.1 M Tris (pH 7.5 or pH 5.5), CH3CN:
H20 = 5: 95.

Experiment 2. P2 — 10 uM, 1A-OTf - 20 uM, 0.1 M Tris (pH 7.5 or pH 5.5), CH3CN: H20 = 5:
95.

Experiment 3. P2 — 10 uM, 1A-OTf - 20 uM, N-ethyl maleimide — 20 uM, 0.1 M Tris (pH 7.5
or pH 5.5), CH3CN: H20 = 5: 95. Note: N-ethyl maleimide and 14-OTf were added together as a
solution in CH3CN.
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Figure 4.33. Comparison of the "H, 3'P and '’F NMR spectra of N-ethyl maleimide, palladium

reagent 1A-OTf and their equimolar mixture.
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4.4.15. Expression, purification, and labeling of antibody mimetic proteins
Protein Expression and Purification

pET-SUMO-DARPin, pET-SUMO-10FN3, pET-SUMO-Affibody plasmids were
constructed as reported previously.*® Cysteine mutations were introduced by site-directed
mutagenesis using QuickChange Lightning Single Site-directed Mutagenesis Kit (Agilent)

following manufacturer’s instructions. Sequences of generated protein constructs are summarized
in Table S6.

E. coli BL21(DED3) cells transformed with pET-SUMO-Protein plasmid were grown in 1 L of
LB medium containing kanamycin (30 pg/mL) at 37 °C until ODeoo = 0.6. Then, expression was
induced by the addition of 0.5 mM IPTG overnight at 30 °C. After harvesting the cells by
centrifugation (6,000 rpm for 10 min), the cell pellet was lysed by sonication in 25 mL of 50 mM
Tris and 150 mM NaCl (pH 7.5) buffer containing 15 mg lysozyme (Calbiochem), 1 mg DNase I
(Sigma-Aldrich), and 0.5 tablet of protease inhibitor cocktail (Roche Diagnostics, Germany). The
resulting suspension was centrifuged at 17,000 rpm for 30 min to remove cell debris. The
supernatant was loaded onto a 5 mL HisTrap FF crude Ni-NTA column (GE Healthcare, UK), first
washed with 40 mL of 20 mM Tris and 150 mM NaCl (pH 8.5), and then washed with 40 mL of
40 mM imidazole in 20 mM Tris and 150 mM NaCl (pH 8.5). The protein was eluted from the
column with buffer containing 500 mM imidazole in 20 mM Tris and 150 mM NaCl (pH 8.5).
Imidazole was removed from protein using a HiPrep 26/10 Desalting column (GE Healthcare, UK),
the protein was eluted into 20 mM Tris and 150 mM NaCl (pH 7.5) buffer. The protein was
analyzed by LC-MS to confirm its purity and molecular weight.

SUMO group on SUMO-Protein was cleaved by incubating 1 pg of SUMO protease per
mg of protein at room temperature for 60 min. The crude reaction mixture was loaded onto a 5 mL
HisTrap FF crude Ni-NTA column (GE Healthcare, UK) and the flow through containing the
desried protein was collected. The protein was analyzed by LC-MS confirming sample purity and
molecular weight. Purified proteins were concentrated using Amicon 3K concentrator (50 mL,
EMD Millipore); protein aliquots were flash frozen and stored in —80 °C freezer. Sequences and

calculated masses of proteins are summarized in Table 4.5.
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Protein Labeling Experiments

To a solution of protein (500 pmoles) in 475 pL. of 20 mM Tris and 150 mM NaCl buffer
(pH 7.5) was added palladium-coumarin complex 1D or palladium-drug complex 1J (25 pL, 200
pM) in DMF. The solution was pipetted up and down 20 times to ensure proper reagent mixing.
The reaction mixture was left at room temperature for 30 min. After this time, the reaction was
quenched by the addition of 3-mercaptopropionic acid (25 pL, 2 mM) dissolved in 20 mM Tris
and 150 mM NaCl buffer (pH 7.5). After an additional 5 min at rt, 500 uL of 1: 1 CH3CN/H20
(v/v) containing 0.2% TFA was added and the resulting mixture was analyzed by LC-MS.

Table 4.5. Protein sequences and masses.

Protein P4: DARPin-Cys Calculated Mass: 13747.3 Da

Sequencea:
GGCGGSDLGKKLLEAARAGQDDEVRILMANGADVNAYDDNGVTPLHLAAFLGHLEIVEVLLKYGADVNA
ADSWGTTPLHLAATWGHLEIVEVLLKHGADVNAQDKFGKTAFDISIDNGNEDLAEILQKLN

Protein P7: DARPin Calculated Mass: 13701.3 Da

Sequence:
GGGGGSDLGKKLLEAARAGQDDEVRILMANGADVNAYDDNGVTPLHLAAFLGHLEIVEVLLKYGADVNA
ADSWGTTPLHLAATWGHLEIVEVLLKHGADVNAQDKFGKTAFDISIDNGNEDLAEILQKLN

Protein P5: 10FN3-Cys Calculated Mass: 10813.1 Da

Sequence:
SVSDVPRDLEVVAATPTSLLISWDAPAVTVRYYRITYGETGGNSPVQEFTVPGSKSTATISGLKPGVDY
TITVYAVTLPSTCGASSKPISINYRTEIDKPSQ

Protein P8: 10FN3 Calculated Mass: 10679.9 Da

Sequence:
VSDVPRDLEVVAATPTSLLISWDAPAVTVRYYRITYGETGGNSPVQEFTVPGSKSTATISGLKPGVDYT
ITVYAVTLPSTGGASSKPISINYRTEIDKPSQ

Protein P6: Affibody-Cys Calculated Mass: 6900.6

Sequence:
GGGGGVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDACAPK
Protein P9: Affibody Calculated Mass: 6925.6 Da
Sequence:

GGGGGVDNKFNKEQONAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPK
2Cysteine residues are highlighted in red.
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4.4.16. Antibody expression and purification
Expression and Purification of Trastuzumab

Trastuzumab was expressed from the gWiz-trastuzumab plasmids. The light chain and

heavy chain sequences for trastuzumab used in this study are:
Trastuzumab-Light Chain

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWNYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTD
FTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN
FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS
FNRGEC

Trastuzumab-Heavy Chain

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTI
SADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSG
GTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPS
NTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNW
YVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQ
VYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRW
QQGNVFSCSVMHEALHNHYTQKSLSLSPGK

The IgGs were expressed via transient transfections of HEK293F cells (Invitrogen) as
previously described,”® and purified using Protein A affinity chromatography (Genscript)
following manufacturer’s instructions. The purified IgGs were analyzed by LC-MS to confirm

their molecular weight and purity, and stored in PBS at -80 °C.
Synthesis and purification of an Antibody-Drug Conjugate (ADC).

TCEP (1 pL, 25 mM in water) and Tris buffer (5 pL, 1 M, pH 8.0) were added to a solution
of trastuzumab (57 uM, 44 pL) in PBS. The reaction mixture was pipetted up and down 20 times
and incubated in a water bath at 37 °C for 2 h. The final reaction conditions for the reduction are:

50 uM antibody, 500 uM TCEP, 0.1 M Tris, pH 8.0.

Tris buffer (187.5 pL, 0.1 M, pH 8.0) and palladium-drug complex 1J (12.5 pL, 2 mM in

DMEF) were added to the partially reduced antibody, the reaction mixture was pipetted up and down
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20 times and was left at room temperature for 30 minutes. The final reaction conditions are: 10
uM antibody, 100 uM 1J, 0.1 M Tris, pH 8.0, 5% DMF. The reaction mixture was purified using
three protocols shown below to assess the protein recovery and palladium removal efficiency in

each protocol.
Purification protocol 1

The crude reaction mixture was directly loaded on a size-exclusion chromatography (SEC)
column (GE Healthcare) for purification using buffer P (20 mM Tris, 150 mM NaCl, pH 7.5) as
the elution buffer. The fractions were collected and analyzed by gel electrophoresis. The fractions
containing antibodies were then combined, concentrated, and buffer exchanged into phosphate
buffer saline (PBS) using 10K spin concentrator (EMD Millipore). The antibody was recovered in
47% yield as measured by UV280. This purification protocol allowed for the removal of 81% of
the palladium species from the crude reaction mixture as determined by ICP-MS (see details in the
ICP-MS section). This protein sample was used in the Octet BioLayer Interferometry binding

assay.
Purification protocol 2

The crude reaction mixture was quenched with a solution of thiopropionic acid (0.5 uL, 50
mM in buffer P, 10 equivalents relative to the amount of the palladium reagent used), and the
resulting solution was incubated at room temperature for 5 minutes. The solution was filtered
through a 0.2 um nylon spin filter (PALL Life Sciences). The filtered solution was loaded on a
PD-10 desalting column (GE Healthcare) pre-equilibrated with TPA buffer (20 mM Tris, 150 mM
NaCl, 1 mM thiopropionic acid). The antibody was eluted into 3.5 mL of TPA buffer following
the manufacturer’s protocol. The resulting solution was buffer exchanged into phosphate buffer
saline (PBS) using 10K spin concentrator (EMD Millipore). The antibody was recovered in 86%
yield as measured by UV280. This purification procedure allowed for removal of 73% of the
palladium species from the crude reaction mixture as determined by ICP-MS (see details in the

ICP-MS section).
Purification protocol 3

The crude reaction mixture was quenched with a solution of thiopropionic acid (0.5 puL, 50

mM in buffer P, 10 equivalents relative to the amount of the palladium reagent used), and the
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resulting solution was incubated at room temperature for 5 minutes. The solution was filtered
through a 0.2 um nylon spin filter (PALL Life Sciences). The filtered solution was loaded on a
size-exclusion chromatography (SEC) column (GE Healthcare) pre-equilibrated with TPA buffer
(20 mM Tris, 150 mM NaCl, 1 mM thiopropionic acid). The antibody was purified using TPA
buffer as the elution buffer. The fractions were collected and analyzed by gel electrophoresis, and
the fractions containing antibodies were combined, concentrated, and buffer exchanged into
phosphate buffer saline (PBS) using 10K spin concentrator (EMD Millipore). The antibody was
recovered in 39% yield as measured by UV280. The purification procedure allowed for the
removal of 94% of the palladium species from the crude reaction mixture as determined by ICP-

MS (see details in the ICP-MS section).
LC-MS analysis of the purified ADCs

N-linked glycans were removed by the addition of 1 pL. of PNGase F (New England
BioLabs) to the antibody (100 pg in 100 pL 0.1 M Tris, pH 8.0) and incubation of the mixture
for 1 h at 45 °C. The resulting solution was reduced by the addition of 1/10 volume of 200
mM TCEP solution (pH 8.0) and incubation for 30 min at 37 °C. The resulting mixture was
quenched by the addition of 10/1 volume of 50% A: 50% B (v/v) and analyzed by LC-MS.
The ADC purified using protocol 1 showed the drug-to-antibody ratio of 4.4.

4.4.17. Modification of LFN-DTA and protein synthesis inhibition assay
Synthesis and purification of modified LFn-DTA variants

Lethal factor N-terminal domain fused to diphtheria toxin A-chain (LFn-DTA) was
expressed and purified as described before.*! A C-terminal LPSTGGHs tag was included for the
Sortase-mediated peptide conjugation. Cysteine-containing peptide NH2-GGGGGLRLCA-
C(O)NH:2 and its serine variant NH2-GGGGGLRLSA-C(O)NH: were synthesized, purified, and
conjugated to the LFN-DTA-LPSTGGHs tag following the previously described protocol (Fig.
S12).*! Sequences for the resulting proteins LEn-DTA-Cys and LEN-DTA-Ser are shown below.

LFN-DTA-Cys

AGGHGDVGMHVKEKEKNKDENKRKDEERNKTQE EHLKEIMKHIVKIEVKGEEAVKKEAAEKLLEKVPSDV
LEMYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDIYGKDALLHEHYVYAKEGYEPVLVIQSSEDYVEN
TEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTIKNASDSDGQDLLFTNQLKEHPTDFSVEFLEQNS
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NEVQEVFAKAFAYYIEPQHRDVLQLYAPEAFNYMDKFNEQEINLSLEELKDQRSGRELERGADDVVDSSK
SFVMENFSSYHGTKPGYVDSIQKGIQKPKSGTQGNYDDDWKGFYSTDNKYDAAGYSVDNENPLSGKAGGV
VKVTYPGLTKVLALKVDNAETIKKELGLSLTEPLMEQVGTEEFIKRFGDGASRVVLSLPFAEGSSSVEYI
NNWEQAKALSVELEINFETRGKRGQDAMYEYMAQASAGNRLPSTGGGGGLRLCA-C(O)NH;

LFn-DTA-Ser

AGGHGDVGMHVKEKEKNKDENKRKDEERNKTQEEHLKEIMKHIVKIEVKGEEAVKKEAAEKLLEKVPSDV
LEMYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDIYGKDALLHEHYVYAKEGYEPVLVIQSSEDYVEN
TEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTIKNASDSDGQDLLFTNQLKEHPTDFSVEFLEQNS
NEVQEVFAKAFAYYIEPQHRDVLQLYAPEAFNYMDKFNEQEINLSLEELKDQRSGRELERGADDVVDSSK
SFVMENFSSYHGTKPGYVDSIQKGIQKPKSGTQGNYDDDWKGFYSTDNKYDAAGYSVDNENPLSGKAGGV
VKVTYPGLTKVLALKVDNAETIKKELGLSLTEPLMEQVGTEEFIKRFGDGASRVVLSLPFAEGSSSVEYI
NNWEQAKALSVELEINFETRGKRGQDAMYEYMAQASAGNRLPSTGGGGGLRLSA-C(O)NH:

a
obs. 53271.5
[T} LPSTGSLRLSA-C(O)NH, cacl. 53269.5
1 > 3 4 5 6 7 8 52000 53000 54000 55000
Time [min] Deconvoluted mass [Da]
b obs. 53289.0
cacl. 53285.6
[T LPSTGSLRLCA-C(O)NH,
1 2 3 4 5 52000 53000 54000 55000
Time [min] Deconvoluted mass [Da]

Figure 4.34. LC-MS analysis of the purified LEFn-DTA-Ser (a) and LFN-DTA-Cys (b).
Total ion current chromatograms (left) and the deconvoluted mass spectra (right) of the full protein

peaks are shown.



Arylation of LFN-DTA-Cys using 14-OTf

Complex 1A-OTf (100 uL; 400 uM in DMF) was added to a solution of LFn-DTA-Cys
(2.5 uM, 1.9 mL) in buffer P (20 mM Tris, 150 mM NaCl, pH 7.5). The final reaction conditions
are: 2.4 puM of LFn-DTA-Cys, 20 uM of 1A-OTH, 150 mM NaCl, 20 mM Tris, pH 7.5, 5% DMF.
The reaction mixture was pipetted up and down 20 times to afford proper mixing and was rotated
at room temperature for 2 h, after which 20 pL of 20 mM thiopropionic acid in buffer P (10
equivalents of thiopropionic acid relative to the palladium reagent) was added to quench the
reaction. The reaction mixture was incubated at room temperature for additional 5 min and was
then subjected to purification by size-exclusion chromatography (SEC) using buffer P (20 mM
Tris, 150 mM NaCl, pH 7.5) as the elution buffer. The fractions were analyzed by gel
electrophoresis and the fractions containing the desired protein product were combined,
concentrated, and buffer exchanged into phosphate buffer saline (PBS) using 10K spin
concentrator (EMD Millipore). The resulting modified protein LFn-DTA-Cys(Ar) was recovered
in 56% yield as measured by UV280. This procedure allowed for the removal of 91% of the
palladium species in the crude reaction mixture as measured by ICP-MS (see the ICP-MS section

for details).
Alkylation of LFN-DTA-Cys

Tris buffer (60 uL, 1M, pH 8.0) and bromoacetamide (60 pL, 10 mM in water) were added
to a solution of LFn-DTA-Cys (11 uM, 480 pL) in buffer P. The final reaction conditions are: 9
uM LFn-DTA-Cys, 1 mM bromoacetamide, 0.1 M Tris, pH 8.0. The reaction mixture was pipetted
up and down 20 times to afford proper mixing and was left at room temperature for 30 minutes.

Upon completion, the reaction mixture was buffer exchanged 5 times with PBS buffer using 10K

spin concentrator (EMD Millipore). The purified protein is denoted as LFn-DTA-Cys(AlK).
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Figure 4.35. Alkylation of the LFN-DTA-Cys and LC-MS analysis of the purified LFx-
DTA-Cys(Alk).
Total ion current chromatogram (left) and the deconvoluted mass spectrum of the full protein peak

(right) are shown.
Protein synthesis inhibition assay

The translocation assay was performed as described previously.'* The CHO-K 1 cells were
maintained in the F-12K media supplemented with 10% (v/v) fetal bovine serum at 37 °C and 5%
COz in humidified atmosphere. The cells were plated at 3.0 x 10*/well in a 96-well white opaque
plate one day prior to the assay. Modified LFN-DTA variants (Figure S14a) were prepared in ten-
fold serial dilutions in 50 pL of F-12K media each, after which additional 50 pL of F-12K media
containing 20 nM of protective antigen (PA) were added. The resulting 100 pL. samples were
added to the CHO-K1 cells and incubated for 2 hours at 37 °C and 5% COz. The cells were then
washed three times with PBS, after which 100 pL of leucine-free F-12K medium supplemented
with 1 pCi/mL *H-leucine (Perkin Elmer, MA) was added. The resulting mixture was incubated
for an additional 1 h at 37 °C with 5% CQOa. The cells were washed three times with PBS and
suspended in 150 pL of scintillation fluid. *H-Leu incorporation into cellular proteins was
measured to determine the inhibition of protein synthesis by the LEN-DTA variants. Scintillation
counts from cells treated with only PA were used as control values for normalization. Each

experiment was done in triplicate.
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4.4.18. BioLayer interferometry binding assay

The purified ADC and the native trastuzumab were biotinylated using EZ-Link NHS-
(PEG)s-Biotin (Life Technologies). A solution of EZ-Link NHS-(PEG)s-Biotin (10 pL, 200 uM
in PBS) was added to the corresponding protein (10 pL, 20 uM in PBS), after which the reaction
mixture was pipetted up and down 20 times to allow proper mixing and was left at room

temperature for 30 min. The crude reaction mixture was buffer exchanged with PBS for 5 times to

remove the excess of NHS-(PEG)s-Biotin.

The biotinylated proteins were immobilized on streptavidin tips and were sampled with the
serially diluted concentrations of recombinant HER2 (R&D Biosystems) in the Octet BioLayer
Interferometry system. The obtained results were fitted according to the protocol provided by the

manufacturer of the Octet BioLayer Interferometry system.
4.4.19. Evaluation of the palladium removal efficiency using ICP-MS

ICP-MS was used to measure the remaining palladium content in the purified LEn-DTA-
Cys(Ar) protein and the purified antibody-drug conjugate (ADC). Protein samples were diluted in
buffer solutions and lyophilized. The lyophilized powders were sent to Merck for ICP-MS
analysis. The amount of remaining palladium in the purified sample was obtained from the
calculations based on the measured palladium content in the ICP-MS samples. The palladium
removal efficiency was reported as the percentage of palladium being removed from the sample

compared to the palladium used in the crude reaction mixture. The obtained results are summarized

in Table 4.6.

Table 4.6. Sample information for ICP-MS analysis of purified protein samples.

Lyophilized
Protein Sample Volume Buffer Concentration yol\l;lalss °C  Pd concentration

LFN-DTA-Cys(Ar) 0.1 mL Buffer P 0.285 mg/mL 2.93 mg 26 ppm

ADC (Purification 5 .y PBS 0.1 mg/mL 5.26 mg 28 ppm
protocol 1)

ADC (Purification 5, PBS 0.1 mg/mL 4.48 mg 25 ppm
protocol 2)

ADC (Purification 0.5 mL PBS 0.1 mg/mL 4.74 mg 12 ppm
protocol 3)
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Calculation of the palladium removal efficiency.
LFN-DTA-Cys(Ar)

100 pL of 400 uM of palladium complex 1A-OTf was used in the crude reaction; this
corresponds to the total palladium amount: »

[Total palladium] = (100 puL)*(400 uM)*(106.42 g/mol) = 4.26 pg

56% of the protein was recovered, the total amount of protein recovered is:

[Total protein recovered] = (2.5 pM)*(1.9 mL)*(53286 g/mol)*0.56 = 0.14 mg

Palladium concentration in the protein sample is:

[Palladium concentration in protein] = (26 ppm)*(2.93 mg)/((0.1 mL)*(0.285 mg/mL)) =
2673 ppm

Palladium remaining in the purified protein is:

[Palladium remaining] = (2673 ppm)*(0.14 mg) = 0.37 ug

Palladium removal efficiency is:

[Palladium removal] = 1-[Palladium remaining]/[ Total palladium] = 1-(0.37 ug)/(4.26
ug) =91%

ADC (Protocol 1)

12.5 puL of 2 mM of palladium complex 1J was used in the crude reaction; this gives the
total palladium amount in the crude reaction:

[Total palladium] = (12.5 uL)*(2 mM)*(106.42 g/mol) = 2.66 ug

86% of the protein was recovered, the total amount of protein recovered is:

[Total protein recovered] = (57 uM)*(44 uL)*(149*10° g/mol)*0.86 = 0.321 mg

Palladium concentration in the protein sample is:

[Palladium concentration in protein] = (25 ppm)*(4.48 mg)/((0.5 mL)*(0.1 mg/mL)) =
2240 ppm

Palladium remaining in the purified protein is:

[Palladium remaining| = (2240 ppm)*(0.321 mg) = 0.719 pg

Palladium removal efficiency is:

[Palladium removal] = 1-[Palladium remaining]/[Total palladium] = 1-(0.719 ng)/(2.66
ug) =73%
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ADC (Protocol 2)

12.5 pL of 2 mM of palladium complex 1J was used in the crude reaction; this gives the
total palladium amount in the crude reaction:

[Total palladium] = (12.5 pL)*(2 mM)*(106.42 g/mol) = 2.66 pg

47% of the protein was recovered, the total amount of protein recovered is:

[Total protein recovered] = (57 uM)*(44 pL)*(149*10° g/mol)*0.47 = 0.175 mg

Palladium concentration in the protein sample is:

[Palladium concentration in protein] = (28 ppm)*(5.26 mg)/((0.5 mL)*(0.1 mg/mL)) =
2946 ppm

Palladium remaining in the purified protein is:

[Palladium remaining] = (2946 ppm)*(0.175 mg) = 0.516 ng

Palladium removal efficiency is:

Palladium removal] = 1-[Palladium remainingl/[Total palladium] = 1-(0.516 /(2.66

ug) = 81%

ADC (Protocol 3)

12.5 uL of 2 mM of palladium complex 1J was used in the crude reaction; this gives the
total palladium amount in the crude reaction:

[Total palladium] = (12.5 pL)*(2 mM)*(106.42 g/mol) = 2.66 pg

39% of the protein was recovered, the total amount of protein recovered is:

[Total protein recovered] = (57 uM)*(44 uL)*(149*10° g/mol)*0.39 = 0.146 mg

Palladium concentration in the protein sample is:

[Palladium concentration in protein] = (12 ppm)*(4.74 mg)/((0.5 mL)*(0.1 mg/mL)) =
1138 ppm

Palladium remaining in the purified protein is:

[Palladium remaining] = (1138 ppm)*(0.146 mg) = 0.166 pg

Palladium removal efficiency is:

= ]1-[Palladium remaining}/[Total palladium

Palladium removal

338



4.5. Acknowledgements

Financial support for this work was provided by the National Institutes of Health (GM-
58160; postdoctoral fellowship for A.M.S.: GM-101762), MIT start-up fund (B.L.P.), a Damon
Runyon Cancer Research Foundation Award (B.L.P.), and the Sontag Foundation Distinguished
Scientist Award (B.L.P.). C.Z. is the recipient of the George Buchi Research Fellowship and the
Koch Graduate Fellowship in Cancer Research of MIT. We thank Prof. R. John Collier (Harvard)
for contributing select laboratory equipment used in this study. We thank the Biological Instrument
Facility of MIT for providing the Octet BioLayer Interferometry System (NIF S10 OD016326).
We are indebted to the NERCE facility (U54A1057159) for expressing the toxin proteins. We
thank Mike Lu and Amy Rabideau for their help with cell assays. The Varian 300 spectrometer
used for portions of this work was purchased with funds from NSF (Grant CHE-9808061). The
departmental X-ray diffraction instrumentation was purchased with the help of funding from NSF
(CHE-0946721). We are grateful to P. Miiller (MIT) for X-ray crystallographic analysis of 1A-
OTf-CH;3CN and to Aldo Rancier (Merck) for the ICP-MS analysis.

339



4.6. References

(1

2

3)

@

)

(6)

(7

(8)

)

(10)

(11)

Walsh, C. T.; Garneau-Tsodikova, S.; Gatto, G. J. Protein Posttranslational Modifications:
The Chemistry of Proteome Diversifications. Angew. Chemie Int. Ed. 2005, 44, 7342-7372.

Rabuka, D. Chemoenzymatic Methods for Site-Specific Protein Modification. Curr. Opin.
Chem. Biol. 2010, 14, 790-796.

Spicer, C. D.; Davis, B. G. Selective Chemical Protein Modification. Nat. Commun. 2014,
5.

Chalker, J. M.; Bernardes, G. J. L.; Lin, Y. a.; Davis, B. G. Chemical Modification of
Proteins at Cysteine: Opportunities in Chemistry and Biology. Chem. - An Asian J. 2009, 4,
630—-640.

Cal, P. M. S. D.; Bernardes, G. J. L.; Gois, P. M. P. Cysteine-Selective Reactions for
Antibody Conjugation. Angew. Chemie - Int. Ed. 2014, 53, 10585-10587.

Toda, N.; Asano, S.; Barbas, C. F. Rapid, Stable, Chemoselective Labeling of Thiols with
Julia- Kocie??ski-like Reagents: A Serum-Stable Alternative to Maleimide-Based Protein

Conjugation. Angew. Chemie - Int. Ed. 2013, 52, 12592-12596.

Lyon, R. P.; Setter, J. R.; Bovee, T. D.; Doronina, S. O.; Hunter, J. H.; Anderson, M. E.;
Balasubramanian, C. L.; Duniho, S. M.; Leiske, C. I.; Li, F.; et al. Self-Hydrolyzing
Maleimides Improve the Stability and Pharmacological Properties of Antibody-Drug
Conjugates. Nat. Biotechnol. 2014, 32, 1059-1062.

Simmons, R. L.; Yu, R. T.; Myers, A. G. Storable arylpalladium(IT) Reagents for Alkene
Labeling in Aqueous Media. J. Am. Chem. Soc. 2011, 133, 15870-15873.

Antos, J. M.; Francis, M. B. Transition Metal Catalyzed Methods for Site-Selective Protein
Modification. Curr. Opin. Chem. Biol. 2006, 10, 253-262.

Yang, M.; Li, J.; Chen, P. R. Transition Metal-Mediated Bioorthogonal Protein Chemistry
in Living Cells. Chem. Soc. Rev. 2014, 43, 6511-6526.

Cheng, G.; Lim, R. K. V.; Li, N.; Lin, Q.; Herman, J. G.; Graff, J. R.; Myohanen, S.; Nelkin,
B. D.; Baylin, S. B.; Kaiser, E. T.; et al Storable Palladacycles for Selective

340



(12)

(13)

(14)

(5)

(16)

(17

(18)

(19)

(20)

21)

(22)

Functionalization of Alkyne-Containing Proteins. Chem. Commun. 2013, 49, 6809.

Barder, T. E.; Biscoe, M. R.; Buchwald, S. L. Structural Insights into Active Catalyst
Structures and Oxidative Addition to (Biaryl)phosphine - Palladium Complexes via Density
Functional Theory and Experimental Studies. Organometallics 2007, 26, 2183—-2192.

Lee, C.-F.; Liu, Y.-C.; Badsara, S. S. Transition-Metal-Catalyzed CCOS Bond Coupling
Reaction. Chem. - An Asian J. 2014, 9, 706-722.

Bong, D. T.; Ghadiri, M. R. Chemoselective Pd(0)-Catalyzed Peptide Coupling in Water.
Org. Lett. 2001, 3, 2509-2511.

Korneeva, E. N.; Ovchinnikov, M. V.; Kosti¢, N. M. Peptide Hydrolysis Promoted by
Polynuclear and Organometallic Complexes of palladium(II) and platinum(Il). /norganica

Chim. Acta 1996, 243, 9—13.

Tilley, S. D.; Francis, M. B. Tyrosine-Selective Protein Alkylation Using n-Allylpalladium
Complexes. J. Am. Chem. Soc. 2006, 128, 1080-1081.

Shafer, D. E.; Inman, J. K.; Lees, A. Reaction of Tris(2-Carboxyethyl)phosphine (TCEP)
with Maleimide and a-Haloacyl Groups: Anomalous Elution of TCEP by Gel Filtration.
Anal. Biochem. 2000, 282, 161-164.

Gorin, G.; Martic, P. A.; Doughty, G. Kinetics of the Reaction of N-Ethylmaleimide with
Cysteine and Some Congeners. Arch. Biochem. Biophys. 1966, 115, 593-597.

Gilbreth, R. N.; Koide, S. Structural Insights for Engineering Binding Proteins Based on
Non-Antibody Scaffolds. Curr. Opin. Struct. Biol. 2012, 22, 413-420.

Kung, K. K.-Y.; Ko, H.-M.; Cui, J.-F.; Chong, H.-C.; Leung, Y.-C.; Wong, M.-K.
Cyclometalated gold(III) Complexes for Chemoselective Cysteine Modification via Ligand
Controlled C-S Bond-Forming Reductive Elimination. Chem. Commun. (Camb). 2014, 50,
11899-11902.

Arora, N.; Leppla, S. H. Fusions of Anthrax Toxin Lethal Factor with Shiga Toxin and

Diphtheria Toxin Enzymic Domains Are Toxic to Mammalian Cells. Infect. Immun. 1994,
62, 4955-4961.

Chari, R. V. J.; Miller, M. L.; Widdison, W. C. Antibody—Drug Conjugates: An Emerging

341



(23)

24)

(25)

(26)

27

(28)

(29)

(30)

(31

(32)

(33)

(34)

Concept in Cancer Therapy. Angew. Chemie Int. Ed. 2014, 53, 3796-3827.

Sun, M. M. C.; Beam, K. S.; Cerveny, C. G.; Hamblett, K. J.; Blackmore, R. S.; Torgov, M.
Y.; Handley, F. G. M,; Ihle, N. C.; Senter, P. D.; Alley, S. C. Reduction—Alkylation
Strategies for the Modification of Specific Monoclonal Antibody Disulfides. Bioconjug.
Chem. 2005, 16, 1282—-1290.

Bird, G. H.; Gavathiotis, E.; LaBelle, J. L.; Katz, S. G.; Walensky, L. D. Distinct BimBH3
(BimSAHB) Stapled Peptides for Structural and Cellular Studies. ACS Chem. Biol. 2014, 9,
831-837.

Verdine, G. L.; Hilinski, G. J. Stapled Peptides for Intracellular Drug Targets. Methods
Enzym. 2012, 503, 3-33.

Lau, Y. H.; de Andrade, P.; Wu, Y.; Spring, D. R. Peptide Stapling Techniques Based on
Different Macrocyclisation Chemistries. Chem. Soc. Rev. 2015, 44, 91-102.

Campagne, J.-M. Writing the Macrocycle Manual. Nat. Chem. Biol. 2014, 10, 693.

Spokoyny, A. M.; Zou, Y.; Ling, J. J.; Yu, H.; Lin, Y.-S.; Pentelute, B. L. A Perfluoroaryl-
Cysteine SNAr Chemistry Approach to Unprotected Peptide Stapling. J. Am. Chem. Soc.
2013, 7135, 5946-5949.

Pentelute, B. L. New Chemical Methods for the Synthesis of Proteins and Their Application
to the Elucidation of Protein Structure by Racemic Protein Crystallography; 2008.

Sheldrick, G. M.; IUCr. Phase Annealing in SHELX-90: Direct Methods for Larger
Structures. Acta Crystallogr. Sect. A Found. Crystallogr. 1990, 46, 467—473.

Sheldrick, G. M.; IUCr; S., W.K;J,D.E.;S.,D.M.;P,P.J.;G.,,G.M,;E, M.P.R,; A,
D. L. R. M.; M., S. G. A Short History of SHELX. Acta Crystallogr. Sect. A Found.
Crystallogr. 2008, 64, 112—-122.

Miiller, P. Practical Suggestions for Better Crystal Structures. Crystallogr. Rev. 2009, 135,
57-83.

and, W. M. S.; DeShong, P. Preparation and Palladium-Catalyzed Cross-Coupling of Aryl
Triethylammonium Bis(catechol) Silicates with Aryl Triflates. 2004.

Dickinson, B. C.; Huynh, C.; Chang, C. J. A Palette of Fluorescent Probes with Varying

342



(35)

(36)

(37)

(38)

(39)

(40)

(41)

Emission Colors for Imaging Hydrogen Peroxide Signaling in Living Cells. J. Am. Chem.
Soc. 2010, 132, 5906-5915.

Lee, H. G.; Milner, P. J.; Buchwald, S. L. An Improved Catalyst System for the Pd-
Catalyzed Fluorination of (Hetero)Aryl Triflates. Org. Lett. 2013, 15, 5602-5605.

Drew, D.; Doyle, J. R.; Shaver, A. G. Cyclic Diolefin Complexes of Platinum and Palladium.
In; John Wiley & Sons, Inc.; pp. 346-349.

McAtee, J. R.; Martin, S. E. S.; Ahneman, D. T.; Johnson, K. A.; Watson, D. A. Preparation
of Allyl and Vinyl Silanes by the Palladium-Catalyzed Silylation of Terminal Olefins: A
Silyl-Heck Reaction. Angew. Chemie Int. Ed. 2012, 51, 3663-3667.

Simon, M. D.; Heider, P. L.; Adamo, A.; Vinogradov, A. A.; Mong, S. K.; Li, X.; Berger,
T.; Policarpo, R. L.; Zhang, C.; Zou, Y.; et al. Rapid Flow-Based Peptide Synthesis.
Chembiochem 2014, 15, 713-720.

Liao, X.; Rabideau, A. E.; Pentelute, B. L. Delivery of Antibody Mimics into Mammalian
Cells via Anthrax Toxin Protective Antigen. Chembiochem 2014, 15, 2458-2466.

Spangler, J. B.; Manzari, M. T.; Rosalia, E. K.; Chen, T. F.; Wittrup, K. D. Triepitopic
Antibody Fusions Inhibit Cetuximab-Resistant BRAF and KRAS Mutant Tumors via EGFR
Signal Repression. J. Mol. Biol. 2012, 422, 532-544.

Rabideau, A. E.; Liao, X.; Pentelute, B. L. Delivery of Mirror Image Polypeptides into Cells.
Chem. Sci. 2015, 6, 648—-653.

343





