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ABSTRACT

My research in the Fox lab has focused on small molecule tetrazine and
trans-cyclooctenes (TCOs) for the purpose of carrying out new chemical reactions in
biological settings with broad interest to the field of chemical biology and related
disciplines.Central to my work is the reaction between TCOs and tetrazines, the
fastest known bioorthogonal reaction to date and leveraging their unique structural
characteristics for designing new function while preserving their speed and specificity
as boorthogonal reagentS€hapter 1 is intended as a brief overview of bioorthogonal

chemistry and the most popular reactions that usenatural fragment pairs

Described in Chapter 2 is how we use TCOs as molecules designed to trap
sulfenic acigd (R-SOH) on proteins in a cellular settingu® f eny |l ati on ( RSH
RSOH) is a postranslational protein modification associated with cellular
mechanisms for signal transduction and the regulation of reactive oxygen species.

Protein sulfenic acids are chaltgng to identify and study due to their electrophilic

and transient nature. Described here are sulfenic acid modifgmgcycloocter5-ol
(SAM-TCO) probes for labeling sulfenic acid functionality in live cells. These probes
enable a new mode of captugisulfenic acids via transannular thioetherification,
whereas "ordinarytranscyclooctenes react only slowly with sulfenic acids. SAM

TCOs combine with sulfenic acid forms of a model peptide and proteins to form stable

adducts. Analogously, SAMICO with he selenenic acid form of a model protein
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leads to a selenoetherification product. Control experiments illustrate the need for the
transannulation process coupled with the activagatscycloalkene functionality.
Bioorthogonal quenching of excess unredcBAM TCOs with tetrazines in live cells
provides both temporal control and a means of preventing artifacts caused by-cellular
lysis. A SAM-TCO biotin conjugate was used to label protein sulfenic acids in live
cells, and subsequent quenching by tetragnegented further labeling even under
harshly oxidizing conditions. A ceblased proteomic study validates the ability of
SAM-TCO probes to identify and quantify known sulfenic acid redox proteins as well

as targets not captured by dimeddra@sed probes.

In Chapter 31 describe the use of pyridigtrazines for applications in protein
affinity purification and conjugationlhe siteselective functionalization of proteins
has broad application in chemical biology but can be limited when mixtures result
from incomplete conversion or the formation of protein containing side products. It is
shown here that when proteins are covalently tagged with pytathglzines, the Ni
IDA resins commonly used for Hiags can be directly used for protein affinity
purification. These Affinity Bioorthogonal Chemistry tags (AB&ys) serve a dual
role by enabling affinitypased protein purification through metal chelation and still
maintain their rapid kinetics in bioorthogonal reactions. AB@ging can be applied
in conjundion with a range of sitselective bioconjugation methods and is
demonstrated for a range of proteins tagged at #tegr@inus, Nterminus or at
internal positions. AB@agged proteins can also be purified from complex mixtures

including cell lysate. Impgantly, the combination of siselective conjugation and
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clearrup with ABG-tagged proteins also allows for facile-msin reactions for cleanly

preparing proteiprotein conjugates in minutes.

In Chapter 4, the use of siselective protein conjugates bearing a tetrazine or
TCO can be used fonaterialprotein conjugation applications. These applications
include the use of model proteins to visualize and characterize fibers or hydrogels
formedthrough interfacial bioorthogonaharacterizationAlso described is the use of
genetically encoded protease degradable motifs that can be used-foedeited
release of proteins from hydyels. The work described and methods used are now

routinely beéng applied in our lab by other members.
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Chapter 1
INTRODUCTION TO BIOORTHOGONAL CHEMISTRY
1.1  Bioorthogonal Chemistry

Chemical tools for the study of biological processes with molecular detail are
foundational to modern approaches to studying bioldgicblems in living systems.
The advent of recombinant protein expression brought forth the ability to actively track
protein dynamics in living systems using fluorescent proteins and antidodies.
Undoubtedly selective and important for studying intricate protein systems, these tools
are limited by their large size and not easily translated to nonprotein biomolecules.
Glycans, lipids, and nuclegxids are only a subset of important biomolecules requiring
an obvious need for chemistbased strategies to study. The ideal approach would be to
develop probe molecules of unique functionality, capable of bond formation reactions
that go undetected oanperturbed by nature. This idea was made reality by Bedozzi
co-workerswith a landmark paper detailing an aztdgged glycanhatis metabolically
incorporated in a living system and undergoes a bioorthogonal Staudinger ligation with a
phosphine reprter molecul€.Since its inception, bioorthogonal chemistry has become
an essential tool for studying biology and everyday new chemistry is being developed to

meet these demands.

Bioorthogonal reactions @ardesigned to not engage in side reactions with
endogenous biological functional groups. These reactions must readily proceed in

agueous environments at biocompatible pH, temperature, and fteximander useful



conditions. Important to these parametsithe rate of reaction, as they will follow
secondorder kinetics and be dependent on their concentration. An ideal bioorthogonal
reaction would approach diffusion limits f1d-1st), allowing for rapid and quantitative
reactions at low concentrations. A second intrinsically important parameter is the size of
the reaction partners, whereby certain applications can be sensitive to bulky chemical
groups and per t uvelbbuncionastyntaoslingartant fer@lsreagenats i
to be chemically stable under biological conditions to ensure the integrity of their

reaction and maintain bioorthogonality.

1.2  Bioorthogonal Chemistry Reactions with Natural Fragments

Significant reactions for the field of bioorthogonal chemistry have been developed
using natural fragments for protein tagging. Genetically encoded tetracysteine motifs
CCXXCC react selectively with biarsenidainctionalized fluorescent dyésimilarly,
bis-boronic acid compounds react selectively with tetraserine motifs SSXX8&8ther
approach uses enzymatic modifications of proteins with encoded peptide sequences as a
method of creating covalent bonds to exogenously added molecules with high selectivity.
Here, engineeredheymes enable sigelective modifications at the-€€rminus (e.g.
sortases, tyrosine tubulin ligasés),N-terminus (e.g. subtiligases; N
myristoyltransferase$)® or internal positions (e.qg. lipoic acid ligase, biotin liga8eh
Glycosyltransferases have been used for selective chemoenzymatic modifitation o
glycans!? Directed evolution &s also been used to develop fusion proteins for the
covalentsed abel ing of probe mbh@bagsedom®, includin
alkylguaninet r a n s f e rtaadf@sed drHoadtedal haloalkane dehalogenase. The

A S ECatcher/SpyT a g0 syst em bas e dStrepiocoEchsgpgepesmt ei n f

be used to fuse a sih12.3 kDa protein to a 38mino acid sequence.


https://en.wikipedia.org/wiki/Streptococcus_pyogenes

For chemical protein synthesis and bioconjugation, a significant body of work has
focused on selective reactivity at the proteitelNminus. Mitive chemical ligatiodNCL)
involves the ligation of a peptide bearin@derminalthioester with second peptide with
anN-terminalcysteines® Expressed protein ligation (EPL) isvariant of NCL where the
fragment containing the-@rminal thioester is created through protein expression.

These methods are powerful tools for the synthesis andssenthiesis of proteins that are

toolarge to make by automated peptide synthesis and also provides a way to create to
proteins bearing sitepecific postranslational modifications (e.g. glycoproteins). Other
approaches for the selective modification at the amhteriinus of a protein ihade

the direct condensation of-términal serin®, cysteiné® and tryptophaf sidechains

with aldehydes to form cyclic products. Inspired by luciferin biosynthesigridinal

cysteine can also rapidly react witicanobenzothiazole derivatives in vitro or in live

cells?! Transamination reactions with pgoxat5 phosphatt!or Rapop’ort 6s s al
convert the Nterminus into a ketone or aldehyde capable of oxime formations@pe

N-terminal conjugation can be also achieved wiy#dinecarboxaldehyde derivatives

to form a cyclic imidazolidinoe product*

1.3 Bioorthogonal Chemistry Reactions with NoANatural Fragment Pairs

1.3.1 Oxime and Hydrazine Ligation

Bioorthogonal reactions occurring with noatural fragment pairs, whose roots
begin with Bertozzids Staudinger | igation,
mechanism are essential for developing new chenoo# to study biology. One of the
earliest reactions used for ligation reactions in biological settings is the formation of an

oxime/hydrazone linkage as the product between a carbonyl and alkyoxyamine or


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/c-terminus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/n-terminus

hydrazine€® The oxime product is the mastiable towards hydrolysis and under acidic
environments (pH&), these ligation reactions are reversi§l&he seconarder rate
constantKy) for thesereactions is 0.01 Ms but can be improved by the addition of

aniline catalysts or amine buffers (0.1%t). This method has led to bioconjugation
strategies for Nerminal labeling through the chemical oxidation of serine and

threoniné’ to aldehydes or with internal sites by chemoenzymatic transformation of
cysteineto aldehydes with formylglycingenerating enzym@.Additionally, numerous
chemoenzymatic, genetic code expansion, and chemical ligation methods have also been
developed? In addition to proteins, DNA can be selectively taged well as

glycoproteins in live celld!

Oxime and Hydrazine Ligation

H,N-O-@) R
R g )\\N/O'
/go (catalyst)
Ry
H )\\N/N'
HN-N-@

Figure 1.1 Oxime and hydrazine ligation occur between a carbonyl group and
hydroxylamine or hydrazine

1.3.2 Staudinger-Bertozzi Ligation

The Staudinger reaction was first reported as a mild reduction of azides with
triarylphosphines in 191%.Bertozzi and caworkers used this knowledge develop
what is commonly known as the Staudingertozzi ligation® The introduction of a
methyl ester to the triarylphosphine serves as an electrophilic trap for the

iminophosphorane intermediate andswhe key chemistry for this bioorthogonal



reaction. This ligation reaction has found widespread for targeting préteinsleic

acids®** glycans® and lipids® The rate of this reaction proceeds with a seennmigr rate

constant of 18 M1s1.3¢ Despite its slow kinetics, thisaetion is capable of traceless

bond formation. The O0tracelessd version of
formation between two substrates, was developed by Raares BertozZ® and has

been applied to mide and protein synthesi$*°Additionally, fluorogenic substrates

have also been developed as watauble probes for imagirfg: 42

Staudinger-Bertozzi Ligation

Me
PPh, h/P

MeO

Or|g|nal
o\ ,
0]
Traceless O
N A
Ph,P O Ph~p "}‘ ‘NJ\
KX)L Ph” \\ )L R*-Ph H,0 :
" “Ph +
X~ Ph_
ph—R  XH
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Figure 1.2: The original and traceless Staudinger ligations enable native amide bond
formation between an azide and carbonyl group using triarylphosphines

1.3.3 Copper Catalyzed AzideAlkyne Cycloaddition (CUAAC)

One of the most popular bioorthogonal reactions to date includes the copper
catalyzed azidalkyne cycloaddition (CUAAC). The Huisgen dolar cycloaddition
between azides and alkynes to gly2,3triazoleis too slow as a bioorthogonal

chemistry reetion; the inclusion of copper(l) catalysts were reported independently by



Meldal and Sharpless which significantly improved the reaction kinetics with rates as
high as 16Ms! that are dependenn the copper concentration in solution. Because the
rate of this reaction is closely dependent on copper(l), this has driven investigation into
new catalysts such as copper binding ligeidde inclusion of copper with this reaction
does not come without biological implications, because of its ability to form reactive
oxygen species additives suchaasinoguanidinare ofteremployed** Among all
bioorthogonal reactions, thes of these reaction partners is among the smallest, a highly
attractive feature when concerned with biological systems. The CUAAC reaction has
found widespread use in organic synthesis, material science, drug discovery, chemical

biology and has spurretié development of coppéree cycloaddition reactions.

Copper-Catalyzed Azide-Alkyne Cycloaddition

l | cat. CuSO,
N * (cat. ligand) N=N
Na-ascorbate ./‘Q/N_

Copper Chelating Ligands

azide alkyne

Figure 1.3: Reaction between an azaahel alkyne enabled by copgesised catalysis
route to afford a triazole product and example ligands used.



1.3.4 Strain Promoted [3+2] Cycloadditions

Strain promoted [3+2] cycloadditions were first reported between cyclooctynes
and azide4> Key to the success of this reaction is the release of cyclooctyne strain
energy upon reaction with an azide and is popularly termed as gstianoted azide
alkynecycloaddition (SPAAC). While the rates of these reactions are mddest (s
1y, they do circumvent the need for copper catalysts in living syste@looctynes
have for SPAAC chemistry have been further developed to enhance reactivity and have
also been demonstrated to react more readily etitar dipoles such as nitrorfgés;®
diazo compoundg and nitrile oxides® Together, these reactions have been attractive

reagents for cell imaging},protein conjugatio? and PET imaging®

Strain-Promoted [3+2] Cycloaddition

1,3-dipoles
R-N; R
® R T
\,/, N X_ \l’,— \\\ X\ _ \QN-i-R
R A O D R
Z ..z lT| N,
Cycloalkyne 1,3-dipole i R OR2

Cycloalkynes

Oy 0 OF

RO
octyne dibenzocyclooctyne  tetramethylthiaheptyne
OCT DIBO TMTH
F H OR
| i I/
N
RO H R O
difluorinated cyclooctyne bicyclo[2.1.0]lnonyne biarylazacyclooctynone
DIFO BCN BARAC

Figure 1.4: Strained alkyne cycloadditions with dipoles such as azides, nitrones, or diazos



1.3.5 Photoinducible Bioorthogonal Chemistry

Photoinducible bioorthogonal chemistry encompassesthiogonal reactions
that can be induced upon the addition of light to the system. The first of these reactions,
often termed Aphotoclick c¢hemidatyletamole r ef er
and alkene with UV light (302 nm) as the trigger. khreetics for these reactions can
reach 16 Ms! and despite using UV light have been used for protein modifiC4tml
live-cell imaging inbacteria®® Improvements to the tetrazole structure allow for
activation using a 405 nm lastor neafIR femtosecond laséf,enhancing spatio
temporal control of this reaction. Phataluced reactions hawso been demonstrated
by the decarbonylation of dibenzocyclopropenone photoirradiation at 350 nm to generate
dibenzocyclooctynes for SPAAC reactiéher tetrazine ligation; this has been successful

for glycan labelingf, surface immobilizion,>® and protein labelin§’

Light-Activated Click Chemistry

N p o L e BN
\(/ /N/ —_— \4 \N/Ar o
N=N _N2 + -

Figure 1.5Two examples of photoclick chemistry using a photoinducible tetrazole
alkene 1,dipolar cycloaddition and a phetaggered alkyneazide
cycloaddition



1.3.6 Tetrazine Ligation

The tetrazine ligation is definex an inverse electron demand Diels Alder
(IEDDA) reaction between a 1,2,4tétrazine (diene) and an alkene or alkyne
(dienophile) that proceeds via a [4+2]/retro [4+2] cycloaddition to provide a
dihydropyridazine or pyridazine conjugate with the elitioraof nitrogen as an
inoffensive byproduct. Introduced by the Fox lab in 26@8 a bioathogonal reaction,
the reaction betwednans-cyclooctene (TCO) derivatives and dipyridyl 1,2;:tefazine
proceeds with a second order rate constant of 2;080Q) M's?in 9:1 methanol/water.
Shortly after, Weissleder and Hilderbrand demonstratediske of norbornene as a
dienophile in a bioorthogonal reaction with a meubstituted 1,2,4;8etrazine with
rates of 1.9 Ms? in phosphatéuffered saliné? Since these initial publications, there
has been a growing diversity of chemical richness for both tetrazines and their dienophile

reaction partners.

Tetrazine Ligation

® )
YUy NN ST N’\’N No 7 TSy YN
' H oy \ A | \ |
N / N__N \‘~-‘L’\ Y N .. /»\ NH
T ! . -
R R R

Figure 1.6: Tetrazine ligation involving an inverectron demand [4+2] addition
between a tetrazine and dienophile



Our group has developed methods for accessing TCO derivatives through flow
photochemistr§?°° that has been critical to achieving their widespread use.
Computationally guided approaches have helped design variants that react with tetrazines
in the fastest know bioorthogonal atiansi with k. = 10*-1° M’s* i under aqueous
conditions®4%° Other widely used dienophiles adopted by the fieltLishe strained
cyclooctynes such as bicyclo[6.1.0]nonyne (BCN) which also react ragicil (?-10°

M-1s?) to give fully aromatic conjugatés norbornenes which are readily available at a

low cost, and cyclopropends & 1-10* M-s1) which offer a complementary approach

for when small size and stability are needfe@ienophiles such as cyclobutenes,
azetidines, unstrained olefins, and isonitriles also react witzteés, but require large
excess of one reagent because of their slower kinétits addition to the chemical
diversity of dienophiles, work by Dr. Xie and Dr. Lambert from our group have expanded
access to an array of unsymmetrical and monosubstituted tetrazine derivatives on gram

scale and safer reaction conditidh<®

Another usefufeature of the tetrazine ligation is that many tetrafin@ophore
conjugates are fluorogenic. Resonant energy transfer to the tetrazine reduces
fluorescence, but upon reaction with a di
up to an 11,0040old increase in fluorescence intensit#! Fluorogenic tetrazine
fluorophores have found particularly strong use in the field ofdalemicroscopy, and
the area is actively growing with a focus on improving the signal noise ratio that can
result from background tetrazine resitti in the intracellular environme#t: 83External
cues for temporal control of the tetrazine ligationenhbeen developed for

photoactivatable cyclooctynes or redox activation of dihydrotetrazine to tetrazines using
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electrochemistry, photocatalysts, or enzynit® Overall, tetrazine ligation has found
widespread use in the field of chemical biology for cellular labélidgjin vivo
imaging?+%* drug-delivery?® % and proteomicé’ ® Site-specific incorporation of
tetrazine substrates for protein labeling has been successfully adopted for cPetfical,
enzymecatalyzed’- 88 10104 gnd genetic code expansion technigtie®’ These
methods have been instrumental for mstép preparation of proteprotein®*12 or
proteinDNA 3115 conjugates utilizing the tetriame ligation and standard protein

purification methods.

Described herein are new chemical reactions and us#eamsrcyclooctenes and
tetrazines as probes for sulfenylation and affinity reagents for protein purification and
building mult-domain proteis. It is important to mention that their engagement as
bioorthogonal partners is not compromised but acts in a dual role, this speaks to their

broad applicability and appeal.
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Chapter 2

DUAL -REACTIVITY TRANSCYCLOOCTENOL PROBES FOR
SULFENYLATION IN LIVE CELLS ENABLE TEMPORAL
CONTROL VIA BIOORTHOGONAL QUENCHING

2.1 Introduction

Protein oxidation arising from reactive oxygen species (ROS) is often associated
with damaging effects particularly in cancer, aging, cardiovascular, neurodegenerative
diseases, and inflammatidiROS are mediators of signal transduction pathways through
their ability © modify redox sensor proteins and thus regulate their protein partners and
subsequent actiof®t. Cysteine targets of ROS are tightly regulated and depend on both
their reactivity and cellular locatiof.” For both healthy and diseased tissues there is a
continuing need for tools to detect the level of internal oxidative stress and the resulting
cellular responsBA central ROS signaling mechanism is the sulfenylation of cysteines
to sulfenic acids (FSOH) electrophiles capable of reacting with thiolates to form
disufides or with adjacent amide nitrogens to form cyclic sulfenanfidGesceral
enzymes regulate cellular oxidatitsough highly reactive sulfenic acids, which are
resolved through intramolecular disulfide formati8ihe lifetimes of sulfenic acids are
further governed byther nucleophiles found in the cell including glutathione (GSH).

Due to their low intracellular concentrations, high electrophilicity, and rapid turnover,
sulfenic acids have remained difficult to stidyrhus, the development of chemical
probes capable of capturing cellular sulfenic acids in situ is driicgheir identification

within the proteome.
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Figure 21: Cysteine oxidation states and common oxidation and reduction pathways

2.2 Current Methods for Sulfenic Acid Detection

The two leading chemical approaches for monitoring sulfenylation use eithe
indirect or direct methods of detection. Indirect detection methods require the blocking of
native thiols using alkylating reagents (i.e. iodoacetamide), followed by protein reduction
and a second alkylation step of the reversibly oxidized thiols wigparter (i.e.
iodoacetamiddiotin) (Figure 21). While these workflows are simple, they fail to
capture oxidized cysteine forriSOH and-SOsH, have crosseactivity with oxidized

thiols, and rely on complete blocking and reduction st&ps.
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In 1974, Baitez and Alison demonstrated direct and selective capture of sulfenic
acids using dimedone and oxidized GAPDH as a model prt8ince this discovery,
dimedone compounds bearing bioorthogonal, fluorophore, and affinity handles were used
to characterize sulfenylation the cellular proteom&: L i n eketoestér probes have
also beereveloped, although have been limited to gel and Western blot &s¥alfs.

The diketone based probes have seen further expansion through the development of a

small molecule sulfenic acid model by CarfSIThis model allowed for the screening of

over 10@QuoewopBiled probes that are struct
200-fold in comparison to dimedorf@ These new probes have found immediate use in
chemoproteomics, demonstrated by-oedl capture of unique sulfenic acid protein

targets in RKO colon adenocarcinoma célIslore recently, the Carroll lab has

developed Wittig reagents for selective capture of sulfenic acids with exceptional rates
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and have achieved organedipecific targeting using an extended linker between the
triphenylphosphonium ylide and reporter harrdle.

King and ceworkers have shown that strainB@N derivativesthatundergo a
concerted 1.lipolar cycloadditn reaction to give a sulfoxide proddéAlthough
tagging by thiolates has also been reported for BEXIn 2018, Chalker and eo
workers published an article using norbornene as a probe for sulfenic acids. Initial
publications relied on L@AS monitoring of the reaction products betweers-
norborneneende2,3-dicarboxylic acid andN-acetylcysteine while varying the presence
of hydrogen peroxide, although full conversion of treak product is observed even in
the absence of hydrogen peroxf@én a follow-up article, Chalker and emorkers used
norbornene probes in live cells and reported successful labeling by Western Blot
analysis?® However, norbornene probes have been met with varying success as
demonstrated by themonreactivitytowards validated small molecule sulfenic acid
dipeptide models or Gpx3 protein mod&i®imedone and BCN derivatives have both

been used to modify sulfenic acids covalently in living c&li€33
Dimedone - Benitez and Alison B-ketoester - Furdui BCN - King Norbornene - Chalker
(0] O H
m )OJ\/?J\ ~ | RN M
R O R R R
H
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(0] 0 /O
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Figure 23: The most commonly used chemical probes for detecting sulfenylation
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A common characteristic of the aforementioned probes, is thatéh®jin active at the
point of cell lysis, relying on additives to quench sulfenic acids during work up. Ideally,
sulfenic acid probes could instead be fully quenched in live cells, as cell lysis may
promote subsequent unwanted redox transformatfo?fdn recent years, our group has
demonstrated howans-cyclooctenes (TCO) can be synthesized and utilized in rapid
bioorthogonal DielsAlder reactions with tetrazines. The broad utility amaivo stability

of TCO led us to consider if it could be usegtobe other processes.

2.3 Seleniranium and Thiiranium lon Formation with Alkenes

It is established that alkenes display high reactivity toward electrophilic selenium
species; Denmark and coworkers have shown that alkene exchange reactions of
seleniranim ions are instantaneous-@0 °C and can undergo capture from an
intramolecular nucleophil&: 3 The ability of alkenes to engagkectrophilic selenium
species, led us to consider electrophilic sulfenic acids for thioetherification reactions for

bioorthogonal labeling.

Denmark

Alkene Exchange with Seleniranium lons - 2009

-~ Ph
SbFg Ph O SbFg S '
S H, P H

Se*
H,
JANSNGETE
Me/\AH CD,Cly, -70 °C ©
—_—

Intramolecular Nucleophilic Capture - 2011
Lewis base (0.2 eq) HO
Ph ‘HO Brensted acid (1.0 eq) Q Ph ©
U 0 Ph—

& PhS
N—SPh PH
1.2 e
S ( qa)

CDCl; (0.07M)

Figure 24: (A) Alkene exchange of cyclooctene with seleniranium ions (B)
Intramolecular capture of thiiranium ion
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2.4  Electrophile Promoted Transannular Reactions withtrans-Cyclooctenes

In 2008, Dr. Royzen demonstrated thaizatrans-cyclooctenes treated with
bromine, engage in electrophile promoted hydrobromination transameatdions to
providea pyrrolizidine productwith >90% isomeric purity (cruddHd NMR analysis
Figure 25A).3" In 2011, 4azatrans-cyclooctenes were used the preparation of
hyacinthacine A2 via transannular mgemination reactions with stereocontrol;
stereocontrol stems from the adopted crown conformation and planar chiratapsf
cyclooctenegFigure 25B).%8In 2015, Dr. Mike Taylor investigated electrophile

promoted transannular etherification reactions of oxo¢€igeire 25C).3°

A Transannular Bromoamination - Royzen 2008

Bo H Boc H

Br2 NG N 89%
< \ —_— (]
Tow W é?? h
52 r Br

B Transannular Hydroamination - Royzen 2011

e
COCF, 1) Meli
Me/&o Ho 7o 2)HCI, HOAG HoAc

e
O +
(6] \\ /N\ N —> HQO!
Ho= HO

H

C Transannular Bromoetherification - Taylor 2015

Figure 25: (A) Transannular bromoamination witkegacyclooctene (B) Transannular
hydroamination with to prepare hyacinthacine A2 (C) Transannular
bromoetherification with oxocene
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2.5 Transannular Thioetherification for Irreversible Sulfenic Acid Capture

We postulated that TCO may rapidly form thiiranium ions in the cellular
environment with electrophilic sulfenic acids, but without an internal nucleophile the
reaction could be reversibie.*® Accordingly, we designed probes based on trans
cycloocten5-ol (1) that could rapidly and irreversibly capture thiiranium ion
intermediates via intramolecular thioetherificat{@igure 26).3% “°We reasoned that the
olefinic strain of transyclooctenel would make it particularly adept to form a
thiiranium ion @), and that the ring system would position a hydroxyl nucleophile for
subsequent trsannular attack (Figure® .38 40 4lwe show that these sulfenic acid
modifying transcycloocten5-ol (SAM-TCO) probes function for the rapid, selective,
and stable capture of sulfenic acids in live cells. Unique to this approach, bioorthogonal
tetrazine ligation can queh SAMTCO reagents in live cells with temporal control,

thereby minimizing concerns about redox changes resulting from cell lysis.

l SAM-TCO probes: I nucleophile poised for
selective for thioetherification ¥~ intramolecular attack

HO
o i) ) :

. > -
strained H
21 alkene 2-2
tgmp_ora/ control R « small
via b/oorthqgonal « cell permeant
quenching ,  HO Z "NH * selective
N—N /I\Il * irreversible
R—</ \>—R’ « in cellulo quenching
N=N +isomers R' with bioorthogonal
tetrazine ligation

Figure 26: SAM-TCO probes for transannular thioetherification can be quenched by
tetrazine ligation in live cells wittemporal precision
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2.6 Results and Discussion

Initial testing was performed by Dr. Taylor and Dr. Boyd with a selenium
electrophile Nphenylselenophthalimide (RSP). Compoung-1, containing an axial
poised nucleophile, efficiently combined withPR6P at room temperature to give
selenoether 3 in 82% vyield (Figurerg Diol 2-6, which has axial and equatorial
hydroxyls, gives [3.3.1]oxabicyc7 in 88% yield. Nonobservance of 241]oxabicycle
2-8 illustrates the significance of the axial hydroxyl group for efficient capture of the
seleniranium ion. Consistent with these observations, comp@ddndth an equatorial
hydroxyl substituent requires elevated temperatures to redchviRiSP and after
forming a seleniranium ior{4a), must undergo ring flip prior to transannular attack at

C-2 of 2-4b to give [4.2.1] bicycle&-5.

Selenium

y axial fe}
HO NSePh | .
H’J\ PhSe -\ 82%

21 CHCly, r.t., EtzN 2-3
equatorial -
N-PSP \ 78%
HO. I T !
X CHClj, Et;N SePh
H 2.4 61°C 25 H
attack at
L :OHT C-2
ring flip (
-
HO IO -
Se 4
H * Ph (e 1
2-4a o 2db
P axial o
OH ? OH HO
Ho. N-PSP /
J\/ — PhSeW“H PhSe
‘ﬁ,OH CH,Cl, H b 2-8
2.6 T} rt, EiN 27
equatorial 88% not observed

Figure 27: Labeling studies of SAM CO with an electrophilic selenium model
compound
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2.6.1 SAM-TCO Reactions with Sulfur Electrophile

| started my investigation with SAM COs and their ability t
dipeptide cyclic sulfenamid-9), which is capable of in situ generation of sulfenic acid
in 2:1 phosphate buffered saline:acgtiole (PBS:ACN)!® Reacion of dimedoneZ-10)
with 2-9 forms 2-11 with a seconebrder rate constant of 11.8'N' ° In competition,
axial alcohok-1( 300 e M) and di medone (300 e&M) were
limiting solutionof29( 30 e M) . Liquid chromatography ma
analyss for formation of2-11 and2-12 showed thag-1 reacted 6.5 times faster tha110
at pH 7.4. Equatorial alcohol 4 is less reactive (dnbut reacts with a rate similar to
dimedone. SAMTCOs also retain reactivity at low pH as is relevant to tumor
microenvironments of21psHl tihes8astér th&n.dimédone,p H 5. 5,
which is known not to be pH dependét.

Sulfur All labeling in 2:1 PBS:ACN (pH 7.4)

O
Me
2-10 iPrg\/CC@Me
Me NH 0 ki =1.0
Oy o P 0 s
N B Y s Me
Cbz™ ™ "N” "CO;Me Cbz—NH y
29 —S 2-11 O e
CO,Me
axial iPr 2 _
H | rel = 9-
H'i 29 o M | (pH 7.4)
W . .,/S\ Kre =11
Coz-N" 45 H (pH 5.5)
21 H
_ CO,Me
equatorial iPr Ke1=1.0
2-9 NH 0
DA O s
L
OH Cbz—p” "
2-4 H N N
213

Figure 28: Labeling studies of SAM CO with an electrophilic sulfur dipeptide model
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| further tested andonfirmed the nomeactivity of compoun@-1 (1 mM) towards
endogenous glutathione (0.2 mM}nBrosoglutathione (0.2 mM) or glutathione disulfide
(0.2 mM) (Figure 29) as evidenced by &S experiments looking for adduct formation

(Figure 215-17).

GSH

SH
(o] (o] H (0]
J N N
HO™ ™Y N \AOH
OH NH, H o

H,,
M »  m/z 431 not observed
~
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GsNO O
N/
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o o X}(H o)
Ho N~ Ny NHon
0

OH NH,

M »  m/z 431 not observed
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(50:50)

GSSG

NH, o]
HOMNHV N/YOH
o) o _Ho

i
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o} o H O
Ho? S Aoy NAon

y OH NH, o}

M P m/z 431 not observed

ACN:PBS (25 mM, pH = 7.4)
(50:50)

Figure 29: SAM-TCO are unreactive towards$H, RSNO, and RS-SR.

Control compound&-14 (cis-alkene) an@®-15 (acetylated hydroxyl group) gave no
labeling with2-9 (Figure 210), establishing that the trangcloalkene and the axial

nucleophile are dth critical to the efficacy of SAM COs.
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Figure 210: Acetylated SAMTCOs and cigsomers are unreactive towards sulfenic acid
dipeptide models

The irreversibility of this reaction was also tested using thio&i&( 25 e M) , and
demonstratedtobeevr y st abl e toward strong reductant
GSH or tris(2carboxyethyl)phosphine) after 72 h at room temperature in pH 7.4 PBS

(Figure 211) as evidenced by L-®IS experiments(Figures 28,19,207% 43

e jim/ DTT
cbz-N. L OMe GSH
N TCEP
00
S '
PBS
H (25mM, 100 uM EDTA, pH=7.0)
212

Figure 211: Transannular thioetherification produ2tl?) is stables towards reducing
agents over 72 hours
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2.6.2 SAM-TCO In Vitro Protein Labeling

Testing of SAMTCOs usingn vitro protein assays and Western Blot analysis
was performed in collaboration with Dr. Os
lab; she was responsible for the production of cysteine and selenenic acid forms of free
methionine sulfoxide reductase (fRMsr)iatedoxin, glyceraldehydd-phosphate,
fRMsr digestion and peptide analysis, Western Blot workflow, and cell viability assay.
Several proteins with catalytic cysteine residues have been used for in vitro studies of
sulfenic acid probe®. A C84S C94S mutant of fRMsB<{L6) was chosen as a model
because stable sulfenic a@d 7 can be generated upon selective oxidation by
methionine sulfoxidé? Purified fRMsrSOH2-17 was combined with excess SAMCO
2-18to give thioethel-20 (Figure 21 2 A1 C) . B e-TCDs ;e als® uhdérgo
rapid bioorthogonal cycloadditions with tetrazingd4,8 can be fully quenched at defined
time points with excess tetrazigel9. After quenching witt2-19, samples were reduced
by DTT converting any remainirgy17to 2-16. As fRMsr2-16 and thioether fRMsg-20
have equal ionization efficiencies (Figur@2), electrospray ionization mass
spectometry (ESIMS) could be used to calculate the secomder rate constankd) of
750 + 150 M § lin PBS at 25 °C (Figure-22D) 8 42 Site-specific alkylation oR-17 at
C118 was verified by digestion and tandem MS (Figut2R). Similar to sulfenic acids,
selenenic acids also play a role in signal transduéfigs.shown in Figure Z,
transannular selenoetherification &M -TCOs by NPSP is facile. Demonstrating
selenoetherification in a protein system, selenocyst&iMsr (C84S C94S C118W-21
can be oxidized using methionine sulfoxide and the resulting selenenic acid can be

guantitatively captured in the preserZg8to give adduc®-22 (Figure 212F).
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Figure 212: (A) Oxidation of fRMsr 2-16) gives a stable sulfenic aczdl7 that can be
captured by SAMICO 2-18. Kinetics were followed by bioorthogonal
guenching witi2-19 at discrete time points. (B,C) Deconvoluted B£3
spectra oR-16 and the reaction mixture @17 and2-18 after 300 s,
demonstrating conversion #820. (D) Seconebrder rate constankd) for
the reaction o2-17 with 2-18 was determined under pseufilst-order
conditions. (E) Tandem MS analysis of GIuC digested fMSR shows that
labeling by2-18is sitespecific. (F) Deconvoluted ESNS spectra 0R-21
(before) and-22 (after) quantitative apture of2-17 with 2-18.

In competition, SAMTCO 2-1 and dimedon@-10 were combined witl2-17 under
pseudefirst-order conditions; analysis by LC/ MS determined that dimedone was
outcompeted bg-1 (Figure 229). In contrast to the observed selectiwiyh fRMsr,
glyceraldehyde -phosphate dehydrogenase was 35% labeled by dimedone (5 mM) in
H202 (0.2 mM), but was not tagged Byl (Figure 249). This probéased selectivity is
consistent with prior observations by Carroll that structurally divergebegrtarget
different protein sulfenic acid8.Similar to sulfenic acids, selenenic acids also play a role

in signal transductiofffAs shownin Figure 27, transannulaselenoetherification of
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SAM-TCOs byN-PSP is facile. Demonstrating selenoetherification in a protein system,
selenocysteinrgdRMsr (C84S C94S C118W-21 can be oxidized using methionine
sulfoxide and the resulting selenenic acid can be quantitativelyredptuthe

presenc&-18to give adducp-22 (Figure2-12F).

2.6.3 SAM-TCO Live Cell Labeling

We next explored the intracellular capture of sulfenic acids in live cells using
SAM-TCO biotin, a probe that can be bioorthogonally quenched in live cells using a
tetrazine. This ensures that changes resulting from lysis are not falsely attributedeto nati
sulfenic acid labeling® Cell permeability of SAMTCO biotin was assessed by
observance of dose dependent | abeling (501
Live cells were combined with SAMICO biotin for 2 h at 37 °C, and subsequently
guenched by tetrazing-19 (5 mM). Cell lysis, sodium dodecyl sulfate polyacrylamide
gel electrophoresis, and Western blot revealed prominent labeling beyond native
biotinylation (Figure 4B). Specificity of the labeling reaction was demonstrated by two
contrds: incubating SAMT CO bi otin (100 &WWGEGMM), the pres:e
followed by tetrazine quenching; wherein, no labeling was observed by Western blot
(Figure S51). The necessity for an internal hydroxyl group to capture low abundant
sulfenic acids waassessed in live cells. No labeling was observed with BiGtn

under conditions that were successful for SAMO biotin (Figure 2.3C).
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Figure 213: 4. (A) Live cell labeling with SAMICO biotin, illustrating use dt-19to
guench the probe prior t@lt lysis and Western blot analysis. (B) Live
LNCaPs were labeled with increasing amounts of ICOot i n ( 0T 500
eM) under native conditions and anal
Streptavidin chemiluminescence and glyceraldehygbd&phate
dehydrogenase asloading control. (C) Comparison of SAMCO biotin
100 ¢eM and TCO biotin 100 &M | abelin
control for quenching of SAM CO biotin in live cells witi2-19 was
assessed by the introduction of® after bioorthogonal quenching
(Lane B) and prior to quenching (Lane C) wath9. Lane A is a control
for quenching wit2-19 without additional HO. and Lane D is a control
for increased labeling time.

Evidence for the cell permeability of SAMCO biotin was validated by its ability to

undergo tetrazine ligation in live cells. Here, HEK293T cells expressing a cytosolic

HaloTag fusion protein were first labeled with a tetrazitadoTag ligand. Confocal

microscopy showed that conjugation with SAMCO biotin quenched the protein for

subsegent reaction with a fluorescent tetramethylrhodarfi@®© reagent (Figure-20).

We next confirmed that tetrazi2el9is capable of quenching in live cells. LNCaP cells

were lifted and labeled by SAICO bi otin (500 &M) at 37 AC.
was split and |-B3D)eSample AAvasue(cked gith teteaZ2ro

(5 mM); sample B witl2-19 (5 mM) for 10 s, followed by FD2 (1 mM); sample C with

H202 (1 mM); sample D was unmodified. After an additional 30 min, samples C and D
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were teated with2-19 (5 mM). Cells were then processed, lysed, and analyzed by
Western blot (Figure-23D). Samples C and D displayed the highest intensity signals as
they were quenched after 60 min instead of 30 min, with C being much more intense and
displayng new bands because of the adde@-HSamples A and B, which were

guenched by-19 after 30 min, displayed equally low band intensity, demonstrating that
SAM-TCO biotin had been quenched by the tetrazine prior to the additiofOaffét

sample B. Overglthe quenched samples display equal and lower signal intensities than
unquenched samples, confirming that SAKO probes can be intracellularly quenched
with temporal control. Cell lysis has been previously reasoned to cause oxidativeé stress
31.34and therefore an active probe could potentially lead to labeling artifacts observed
through cell lysis mechanisms. Labeling by SANO biotin in live and lysed cells was
compared by briefly incultiag the probe for 30 min at 4 °C under each condition.

Overall labeling is higher under lysis conditions in comparison to live cell labeling

(Figure2-52).

2.6.4 Chemoproteomics with SAMTCO Probe

Carbonnucleophilic probes have been used for the cheotepmic profiling of
sulfenylation in cell lysaté$As shown in Figure 44, transannular thioetherification
represents a mechanisticallystiinct tool for the chemoproteomic identification and
quantification of cellular sulfenic acids. For chemoproteomic profiling with SFGO
probes, Dr. Jessica Pigga developed a stereospecific method for synthesizitrgrsial
cyclooctenols which was useo make SAMTCO-alkyne probeswith Dr. Uthpala
Seneviratne at Pfizer, HEK293T cell lysates were labeled with 5 mM-$&&-alkyne
(2-23) for 120 min with or without added-B». Intact proteins were then subjected to

CuAAC using a bifunctional azieiotin with an aciecleavable DADP#® linker
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followed by enzymatic digestion. Peptides were enriched via streptavidin, released from
the resin by acid, and then tandem mass tag (TMT) labeled for quantitatMSIES
analysis (Figure 5B). A total of 640 sites of sulfenylatieere identified (63%

guantified) on 477 protein targets us@3. Of the targets identified B8+23, 411 (64%)
were also identified using an analogous dimedomged probe (DYnZ;Figure S42).

The top quantified peptide hits, which are quantitatively compared in the heatmap in
Figure 5C, include welknown sulfenic acid redox proteins such as peroxirgdéx
Additionally, 229 (36%) of the identified peptides were unique to SFGD 2-23,

(Figure 262). These proteomic data further illustrate the selective and complementary
reactivity of SAMTCO probes for protein sulfenylation. Future efforts will beated to
develop a proteomic workflow that will enable sulfenic acid profiling by SRGO

probes in living cells.

C .
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Figure 214: SAM-TCO probe labeling of target proteins in HEK293T cell lysate. (A)
Workflow for proteomic analysis. (B) Tandem MS analysis of
peroxiredoxin6 (PRDXG6) as a representative example of SAGO
labeled proteins that were identified and quardifi€) Heatmap illustrating
the top quantified peptide hits that were labele@42B, with comparison to
DYn2.
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2.7 Conclusion

In summary, SAMTCOs are cell permeable and bioorthogonal reagents
dependent upon an intramolecular nucleophile for transanthigetherification of
sulfenic acid species. SANCO selectively labels a model peptide sulfenic acid, and
also labels the sulfenic acid form of the protein fRMsr with an in vitro rate constant of
750 M 1§ 1 We have demonstrated the captursufenic acid species in live cells using
a biotinylated SAMTCO probe. Further, SAMCO probes can also engage in
bi oorthogonal Di el sT Al der reactions with t
method for quenching the activity of the probes imlivcells. A cellbased proteomic
study validates the ability of SAMICO probes to identify and quantify known sulfenic
acid redox proteins as well as targets not captured by dimdxdmeel probes. We
anticipate these advantages will facilitate identifarabf native sulfenic acid species

present in living systems.

2.8  Experimental Procedures

General Synthesis and Characterization

All reactions were performed in glassware that was fldned under vacuum and cooled

under nitrogen. Flash chromatograpigs performed using normal phase Silicycle silica

gel (4063D, 60A). An APT pulse was used fS€ NMR spectra, where methylene and
guaternary carbons appear 6upd (u), and me
Other solvents and reagents werecpased from commercial sources without additional
purification. High resolution mass spectral data were taken with a Waters GCT Premier
high-resolution timeof-flight mass spectrometer, or using a Therm&x@ctive Orbitrap

instrument.
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Electrospray ionizédn mass spectrometryMass spectra of intact proteins were obtained

using a Xevo G5 QTOF on a Waters ACQUITY UPLC Protein BEH C4 revgrisase
column (300 |, 1.7 &m, 2.1 mm x -9%bB@asmm) . A
used with 0.1% formic acidver a run time of 5 minutes and constant flow rate of 0.5

mL/min at room temperature. Spectra were acquired from m/z 350 to 2000, at a rate of 1
sec/scan. Each analysis was 25 minutes under constant flow rate of 0.2 mL/minutes at

room temperature. Dataene acquired from m/z 350 to 2500, at a rate of 1 sec/scan. The
spectra were deconvoluted using maximum entropy in MassLynx. All data are reported

within (30 ppm) 0.5 Da of the theoretically determined molecular mass.

Tandem mass spectrometrinalysis al sequencing of peptides was carried out using a

Q Exactive Orbitrap interfaced with Ultimate 3000 LC system. Data acquisition by Q
Exactive Orbitrap wa-dgigested prot@n wasloaded onhrOAce L o f
UltraCore super C18 reverphase comn @3 00 j , 72mn% 2.4 mm) via an
autosamplerAn acetonitrile gradient from 5%5% was used with 0.1% formic acid,

over a run time of 90 minutes and constant flow rate of 0.2 mL/minutes at room
temperatureMS data were acquired using a ddepemlent top10 method dynamically

choosing the most abundant precursor ions from the survey scan for HCD fragmentation
using a stepped normalized collision energy of 28, 30, 35 eV. Survey scans were acquired

at a resolution of 70,000 at m/z 200 on the Q Exacilheoretical patterns of isotopic

patterns of peptides were calculated using UCSHM3TOPE Baker USCF.

Compounds shown below were prepared by previously described procttires.
HO

OH OH
- H:.. e P
H H OH
2-1 2-4 2-6 2-18
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rel-(1S, 2S, 5, pR)-Cyclooct5-en-1,2-diacetate (215)

HO,, f{t‘ Ac,0 AcO, AH
. . - »> N
H pyridine, DMAP H

2-15

A dry round bottom flask was sequentially added wath(1S, 2S, 5E, pRETyclooct5-en
1,2-diol*° (20 mg, 0.14 mmol), 2 mL of anhydrous &Hp, pyridine (44ni, 0.56 mmol),

and 4dimethylaminopyridine (1.7 mg, 0.014 mmol). Acetic anhydriden660.70 mmol)

was added via syringe and the solutiwas allowed to stir for 30 minutes at room
temperature. The mixture was dried by rotary evaporation and purified by normal phase
chromatography using a gradient{8%) of ether in hexanes to yield 29 mg (0.13 mmaol,
92%) of the title compound as a whiwlid. *H (400 MHz, CDC§) U -5%9 (61,52H),
4.724.66 (m, 2H), 2.482.36 (m, 2H), 2.32.21 (m, 4H), 2.04..99 (s, 6H), 1.94.84 (m,

2H); 1%C (100MHz,CDC}) & 170.4 (u), 133.5 (dn), 76.

HRMS (ESI+) calculated [MH]* for C12H1804, 227.1278; found 227.1276.
rel-(1R, 2R, 5E, pR)-2-hydroxycyclooct-5-ene biotinylate (SAM-TCO biotin)

H
H N _
a0
! N
~NH
5.,
OH 7
H J
-l ) 1. KH, DMF 5 SAM-TCO biotin
W 2 0 )
'.-H -__u\ K,
HO HHM™ NH \::D
He—=H o
2-18 L D = R« NP H..|
Ay ® IR
© o NO, } .THH
HO
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A dry round bottom flask was charged with a slurry of KH (4.7 mg, 0.12 mmol) imi100

of anhydrous DMF and a magnetic stir bar. A 20 solution of rel-(1R,2R,5E,pR)-
cyclooct5-enel,2-diol (18, 15 mg, 0.11 mmol) in anhydrous DMF was added via syringe

ard the suspension was allowed to for stir 5 minutes. A solutiorbadtth-4-nitrophenyl

ester (20 mg, 0.054 mmol, TCI America) in 260 of anhydrous DMF was added
dropwise via syringe. The mixture was allowed to stir for 30 minutes, and the reaction was
guenched via the addition of a drop of saturated ammonium chloride. The crude product
purified by reverse phase chromatography (two stacked 12g C18 cartridges, Yamazen
Science Inc) on an ISCO RediSep automated flash system using a gradie@0)uf

metanol in water. Fractions were concentrated to yield 10 mg (0.027 mmol, 50%) of the
title compound asaclearotH NMR (400 MHz, MeOD) ua 5. 71
Hz, 1H), 5.63 (ddd, J = 16.1, 11.0, 3.2 Hz, 1H), 5.15 (app dd, J = 8.9, 5.8 HZ.58®)
(dd,J=7.9,4.9 Hz, 1H), 4.34 (app dd, J = 7.9, 4.5 Hz, 1H), 4.21 (app dd, J = 8.9, 5.5 Hz,
1H), 3.24 (dt, J = 9.6, 5.1 Hz, 1H), 2.96 (dd, J =12.8, 5.0, 1H), 2.74 (d, J = 12.7, 1H), 2.50
2.42 (t, J = 14.8, 7.3, 2H), 2.2133 (m, 1H), 2.3®.15 f, 2H), 2.121.87 (m, 4H), 1.85

1.57 (m, 4H), 1.58.42 (m,2H)®>C NMR (100 MHz, MeOD) U 173.0
(dn), 133.1 (dn), 73.2 (dn), 67.8 (dn), 62.1 (dn), 60.2 (dn), 55.6 (dn), 39.6 (u), 35.8 (u),
33.8 (u), 32.9 (u), 28.5 (u), 28.2 (u), 28,9, 27.3 (u), 24.8 (u); HRMS (ESI+) calculated
[M+H] ™ for C18H28N204S, 369.1843; found 369.1846.

TCO bhiotin
"
(e} le} o
L
HN NH
HZ—fH on 1. EDC-HCI
S w H
o 2 DMAP,W HN S
H"'o O;/\N
H H
HO
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A dry round bottom flask was charged with a slurry of biotin (40 mg, 0.164 mmol) in DMF
1.5 mL. The slurry was heated to 60 °C, once biotin fuliyg dissolved the solution was
brought to room temperature.-(8-dimethylaminopropybN éethylcarbodiimide (EDC)

HCI (35, 0.183 mmol) was added in a single portion and the resulting mixture was allowed
to stir for one hour. After an hour, DMAP (2 mg, D80mmol), TEA (361, 0.328 mmol)

and the equatorial diastereomer Bj-@-(cyclooct4-en-1-yloxy)ethanot® (41 mg, 0.246

mmol) were added and allowed to stir overnight. The solution was concentratdteand
crude mixture was purified by reverse phase chromatography (two stacked 12 g C18
cartridges, Yamazen Science Inc) on an ISCO RediSep automated flash system using a
gradient (10%100%) of methanol in water. Fractions were collected to yield 27 mgg8(0.06
mmol, 41%) of the title compound as a white solld.NMR (600 MHz, CDCJ) UG -5. 90
5.85 (bs, 1H), 5.65.55 (m, 1H), 5.42%5.35 (m, 1H), 5.35.27 (bs, 1H), 4.54.49 (m, 1H),
4.354.30 (m, 1H), 4.22.14 (m, 2H), 3.68.55 (m, 1H), 3.58.47 (m, 1H), 3.248.14 (m,

1H), 3.063.01 (ddJ=9.9, 5.1 Hz, 1H), 2.92.90 (ddJ = 12.7, 5.1 Hz, 1H), 2.79.73 (d,
J=13.0, 1H), 2.42.34 (m, 4H), 2.22.21 (m, 1H), 2.12.06 (d,J=13.5, 1H), 2.03..92

(m, 2H), 1.911.85 (m, 1H), 1.88..78 (m, 3H), 1.771.64 (m, 4H), 1.571.40 (m, 4H)%C

NMR (100MHz,CDC}) U0 173.8 (u), 163.7 (u), 135. 4
63.8 (u), 61.9 (dn), 60.1 (dn), 55.6 (dn), 40.7 4@)6 (u), 34.5 (u), 33.8 (u), 33.0 (u), 31.8

(u), 28.3 (u), 28.2 (u), 24.8 (u); HRMS (ESI+) calculated [M%*Kgr CooH32N204S,
397.2161; found 397.2152.

Thioetherification of Cbz-cysval-OMe (2-12)

B N
? \3
PBS
2-1 10mM, pH=7.4 212 m
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A glass vial was charged with @S, 4E, pRxyclooct4-en1-ol (2-1) (20 mg, 0.158

mmol) dissolved in 0.5 mL of a 2:1 mixture of PBS (10 mM, pH 7.4) and ACN. A solution

of dipeptide2-9'° (11.6 mg, 0.031 mmol) dissolved in 0.5 mL of anhydrous ACN was
slowly added over 2 h via syringe and allowed to react for 3 h total at rogoeratore.

The reaction mixture was concentrated, dissolved igGTiHand purified by normal phase
chromatography using a gradient0%) of ethyl acetate in G&l, to yield 14 mg (0.029

mmol, 94%) of the title compound as a clear #il.(600 MHz, DMSQd6 ) U -8i208 . 3 0
(m, 1H), 7.597.50 (m, 1H), 7.39.27 (m, 5H), 5.101.98 (m, 2H), 4.341.25 (m, 1H), 4.22

4.14 (m, 1H), 3.88.82 (m, 1H), 3.868.73 (m, 1H),3.653.61 (m, 3H), 3.02.92 (m, 1H),
2.862.75 (m, 1H), 2.72.56 (m, 1H), 2.22.16 (m, 1H), 216-:1.99 (m, 2H), 1.98..87 (m,

1H), 1.861.72 (m, 2H), 1.68..30 (m, 5H), 0.9®.78 (m, 6H) ppm*3C (100 MHz, DMSQG

d6) 4 (*= peaks due to rotamers): 172.83 (
155.9 (u)*, 137.06 (u), 137.04 (u)*, 128.4 §dd27.8 (dn), 127.7 (dn), 71.3 (dn), 71.2*

(dn) 65.5 (u), 65.4 (dn), 65.3 (dn)*, 57.4 (dn), 54.9 (dn), 54.5* (dn) 51.8 (dn), 44.7 (dn),
44.4 (dn)*, 33.2 (u), 30.0 (dn), 29.23 (u), 29.20 (u)*, 25.2 (u), 25.1 (u)*, 24.8 (u), 24.5 (u)*,
18.9 (dn), 18.3 (dn}18.2 (dn)*, 16.6 (u), 16.4 (u) ppm. HRMS (ESI+) calculated [M+H]

for CosH37N206S, 493.2372; found 493.2366.

4-((4-(6-methyl-1,2,4,5tetrazin-3-yl)benzyl)-N-(2-(2-((6-
chlorohexyl)oxy)ethoxy)ethyl)amide (224)

'.“/*.’.“ N/*N
Ns _N HCI= HyN \/\O/\/O\/\/\/\CI N N N
DIPEA
0
DCM H
O-N N\/\O/\/O\/\/\/\C|
(¢} o 0}

224
A dry round bottom flask was sequentially charged with methyltetradih® ester (37
mg, 0.11 mmol, Click Chemistry Tools), anhydrous methylene chloride (1 mLN,ahd
diisopropylamine (4@, 0.23 mmol). To the solution-[2(6-chloro-hexyloxy)ethoxy}
ethylammonium hydrochloride (20 mg, 0.077 mmol) was added in a single portion and

the reaction was stirred overnight at room temperature. The mixture was concentrated
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onto silica and purified by silica gel chromatograpmlQ@% ethyl acetate in hexanes)

to afford the title compound (30 mg, 0.069 mmol, 90% yield) as a pink $bli(t00

MHz, CDCk) U -8%2 (8, @H), 7.52.48 (d, 2H), 3.65 (s, 2H), 3.5848 (m, 8H),

3.47-3.43 (ddJ = 5.4, 10.5 Hz) 2H, 3.43.39 (t,J = 6.57, 2H), 3.08 (s, 3H), 1.7B71

(m, 2H), 1.661.53 (m, 2H), 1.44..39 (m, 2H), 1.371.30 (m, 2H)*C (100 MHz,

cbCk) 4 1270.0 (u), 167.3 (u), 163.9 (u), 13c¢
(u), 70.3 (u), 70.0 (u), 69.7 (u), 45.0 (u), 43.7 (u), 39.5 (u), 32.5 (u)(2P.26.7 (u),

25.4 (u), 21.2 (dn); HRMS (ESI+) calculated [M+Hipr C21H31CINsOs, 436.2115; found

436.2117.

Glutathione Control Study with 2-1

SH
o o ’
N
HOW” \)J\OH
1 OH NH, O

PBS (25 mM, pH = 7.4)

Compound2-1 was incubated in excess with glutathione and analyzed bWIESSA 50
mM stock solution oR-1 was prepared in acetonitrile. A separate, 5 mM stock of
glutathione (GSH) was prepared in PBS (25 mM, pH = 7.4). To a4&blution of PBS
was added 261 of stock solutior?-1 and 20nL of stock GSH solution (final
concentratior?2-1 = 1 mM and GSH = 206M) and was allowed to incubate at room
temperature. After 60 minutes, the sample was analyzed by positive modeESH.C

MS. There was no observed adduct faiinoraof 2-1 with GSH.
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SH
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NH,

GSH (200 GM)

Figure 2-15: Positive mode UPLEESI-TIC trace of 0.2 mM GSH (top) and of 2mM in
the presence of 0.2mM GSH (bottom).

S-nitrosoglutathione Control Experiment with 2-1

GSNO

/)
/N/
S

o o0 j\,(H 0
HO™ S e N~ on

OH NH, o)

H,
M P>  m/z 431 not observed

ACN:PBS (25 mM, pH = 7.4)
2-1 (50:50)

As a control for $hitrosothiol species, compoun#1 was incubated in excess with S
nitrosoglutathione (GSNO, Santa Cruz Biotechnology) and analyzed bB&SA 50 mM

stock solution of2-1 was prepared in acetonitrile. A separate, 10 mM stock solution of

GSNO was prepared in a 50:5tonitrile:PBS (25 mM, pH = 7.4). To a 480 uL solution
of 50:50 acetonitrile:PBS (25 mM, pH = 7.4) was addedi16f stock solution containing
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2-1 and 10nL of stock solution containing GSNO (final concentratidd = 1 mM and
GSNO = 0.2 mM) and was alked to incubate at room temperature. After 16 hours, the
sample was analyzed by positive mode-ES. There was no observed adduct formation
of 1 with GSNO.

t =16 hours

%

t = 0 hours

%

Time
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00

Figure 2-16: Positive mode UPLEESI-TIC trace ofl (1 mM) in the presence of GSNO
(0.2 mM) att =0 hours and t = 16 hours.

Oxidized Glutathione Control Experiment with 2-1

w m/z 431 not observed

ACN:PBS (25 mM, pH = 7.4)
2-1 (50:50)

As a control for RSSR species, compourffdl was incubated in excess with oxidized
glutathione (GSSG, Sigma) and analyzed BLO-ESFMS. A 50 mM stock solution of
2-1 was prepared in acetonitrile. A separate, 10 mM stock solution of GSSG was
prepared in a 50:50 acetonitrile:PBS (25 mM, pH = 7.4). To adl8lution of 50:50
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acetonitrile:PBS (25 mM, pH = 7.4) was addedr.Qof stock solution containing-1

and 10 of stock solution containing GSSG (final concentraeh= 1 mM and GSSG

= 0.2 mM) and was allowed to incubate at room temperature. After 16 hours, the sample
was analyzed by positive mode URPIEHSIMS. There was mobserved adduct formation

of 2-1 with GSSG.

t = 16 hours

t = 0 hours

o Time
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00

Figure 2-17: Positive mode UPLESITIC trace ofl (1 mM) in the presence of GSSG
(0.2 mM) att =0 hours and t = 16 hours.

Stability of 2-12 Under Reducing Conditions
o DTT
Cbz—H\)J\ I‘/OMe GSH
. TCEP
N 00

S >
2-12 PBS
H (25mM, 100 uM EDTA, pH=7.0)

The stability of2-12 under reducingonditions was assessed using an URILE time-

course study. A 25 mM stock solution {12 was prepared in DMSO. Separate stock
solutions of dithiothreitol (DTT), reduced glutathione (GSH), and tris(2
carboxyethyl)phosphine (TCEP) were prepared in PB&b({@5 mM, 0.1 mM EDTA,
pH=7.0) at a final concentration of 250 mM. In three separate experimemts,df®@-12
and 10nL of each reducing agent solution were diluted into 8B®f PBS buffer (final

concentration oR-12 = 25nmM and reducing agent = 25M). Aliquots were taken at t=
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0, 3, 6, 24, 48, and 72 hours and analyzed by positive mode ‘BSLE®IS. No changes
were observed for the LC trace or observed m/z signal over the course of 72 hours (Fig
S01S03).

solvent
front 12

Intensity %
&
e
=

T T T T T T T T T T T T T T T T T T T T T T T
020 040 060 080 100 120 140 160 180 200 220 240  2.60
Time (min.)

Figure 2-18: Positive mode UPLEESITIC trace of 251M 12in the presence of 250
mM DTT at 3, 6, 24, 48, and 72 hours.
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Figure 2-19: Positive mode UPLEESITIC trace of 251M 12in the presence of 250
nmM GSH at 3, 6, 24, 48, and 72 hours.
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Figure 2-20: Positive mode UPLEESIHTIC trace of 251M 2-12in the presence of 250
nmM TCEP at 3, 6, 24, 48, and 72 hours.
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Control experiment with a cis—cyclooctenol

Cbz— N\)J\ K(
OH
O » m/z 509 not observed
"'OH

PBS:ACN
2-14 10mM, 2:1, pH=7.4

A 1.5 mM stock solution of rel1S,2S,5Z)cyclooct5-en1,2,diol was prepared in PBS (10
mM, pH 7.4). A 3007M stock solution of dipeptid2-9 was prepared in anhydrous ACN.
The dipeptide&-9 solution (1 mL, 100rM final concentration) was mixed with the @l

stock solution (2 mL, 1.0 mM final concentration). At time points (1, 2, 3, 5, 7, 10, and 15
minutes)300 nL of the reaction mixture was quenched into a vial containingrO6f
formic acid. Samples were analyzed by positive mode UBBEMS. No product

formation betweegis-cyclooctenediol and dipeptid®-9 was observed (Fig-84).

15 Min
1 Min

0.20 0.40 0.60 0.8 1. OO . 2.8 3 00

Intensity %

Figure 2-21: Positive mode UPLEESITIC trace of 1.0 mM cigyclooctenediol and 30

nmM dipeptide2-9 at 1 and 15 minutes. (A2-14, B =2- 9, C = disulfide of
2-9, m/z = 735).

Control Experiment with trans-cyclooctene lacking a hydroxyl group

B

Cbz—N OMe

- N
=/

H S °
AcO,,)\
M » MmM/z 611 not observed
\H("OAC PBS:ACN
2-15 10mM, 2:1, pH=7.4
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Stock solutions of 3 mMel-(1S, 2S, 5E, pRgyclooct5-en1,2-diacetate Z-15) and 300

nM dipeptice 2-9 were separately prepared in anhydrous ACN and combined 1:1 to a final
volume of 200nL. PBS buffer (400, 10 mM, pH = 7.4) was added and the resulting
reaction mixture was allowed to react at room temperature (final concentragdrbahd

2-9 were 1 mM and 100rM, respectively). After 30 minutes the mixture was analyzed by

positive mode UPLEESIMS. No mass corresponding to product was observed.

lonization Efficiency of Dipeptide Conjugates

A solution oR- 11and2-12, 50nM in acetonitrile, was analyzed by positive mode UPLC
ESFMS and peak areas were used to determine the relative difference in ionization
efficiencies for each compound. At equal concentrati@k? ionizes 1.30 times more
effectively thar2-11. This ratiois used as a conversion factor determining relative amount

of product formed during competition experiments.

) CO,Me
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L T,/S Me Peak Area = 1,507,672
Cbz-NH S Me
07\\\\ L e e e o
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80
(o)
H
Cbhz—-N OMe
100 \;)LN m/z = 493 493
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S/ Peak Area = 1,955,146
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Count

Time
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Figure 2-22: Positive mode LEMS-ESI trace (bottom) for a solution that wasrB@ in
2-11and2-12. The TIC is shown at the bottom, and ESI peak analysis for
2-11(m/z = 507) an@-12 (m/z= 493) is displayed at the top). Spectra were
analyzed using MassLynx (WateZerp.)

Competition Experiments
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Axial-SAM-TCO

H O iPr . CO,Me . CO,Me
HO N iPr Pre¢ o)
o O Cbz "> "N""CO,Me NH O NH
ol 2 oQg S 0
W VS. - s Me T,,’/S
2:1 PBS:ACN Cbz-NH Cbz- H
21 pH =7.4 o Me H
Equatorial-SAM-TCO H O iPr CO,Me

cbz NN co,Me ipra CO2Me Prey
S (0] O —d \( NH 0
HO O S NH O o
vs. > o™y 5.8
H 2:1 PBSIACN s Me Chz-y /
2.4 pH=7.4 Cbz-NH g Me H H

The competition experiments between dimedone and -8shgtroxy-TCO (2-1) or

equatorialhydroxyTCO @-4) were measured under pseudo first order conditions and
analyzed by positive mode UPLESIMS. Stock solutions of axidb-hydroxyTCO @-1),
equatorial5-hydroxyTCO @-4), and dimedone were prepared at @®80in PBS (10 mM,
pH=7.4) buffer. A stock solution of dipepti@10 was prepared at 99M in anhydrous
ACN. For each competition experiment, 10 of the stock TCO sation and 100 of

the stock solution of dimedone were{pnéxed in a sample vial. Then, 16Q of dipeptide

2-9 from thestock solution was added, the mixture vortexed, and allowed to react at room
temperature for 30 minutes (Final concentration of exiator axiat5 -®H-TCO= 300

nM, Dimedone=30071M, dipeptide2-9 = 30 nM). Samples were analyzed by positive
mode UPLCESIMS and peak areas were used to quantify total product formation in each
reaction mixture. The difference in thioetherification product between-sstigtroxy

TCO (2-1) and dimedone was 6.5 fold (FIG08). In a separate comparison, a 1.2 fold
difference between equatorahydroxy-TCO (2-4) and dimedone was observed (FIG S
07). Using the reportekt for dimedone of 11.8 Ms*?, the second ordeate constants for
axiat5 ®©H-TCO and equatorigh ®H-TCO can be calculated to be 768t and 14 M

s respectively for reaction with dipepti@9 in PBS:ACN (2:1).

51



100 230

ipre_ COzMe 5
o NH m/z = 493
5] T /S Peak Area = 968,861
Chz- H
H

020 040 | 060 080 100 | 120 = 140 = 160 = 180 = 200 | 220 240 260 280  3.00

100 2.19
or k(cone

OTNH Q m/z = 507
S Me _
Chz-Ni 7 oﬁMe Peak Area = 113,876

%

Figure 2-23: Positive mode LEMS-ESI TIC trace (bottom) for the axial-®H-TCO (1)
and dimedone competition reaction. ESI peak analysis for alkylation
product ([m/z = 507) between dimedone and SOH dipeptide (middle). ESI
peak analysis for alkylation product (m/z= 493) of akia®H-TCO and

SOH dipeptide (top). Spectrum were analyasthg MassLynx (Waters
Corp.)
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Figure 2-24: Positive mode LEMS-ESI TIC trace (bottom) for the equator&aléOH-
TCO (4) and dimedone competition reaction. ESI peak analysis for
alkylation product (m/z = 507) between dimedone and SOH dipeptide
(middle).ESI peak analysis for alkylation product (m/z= 493) of
equatorial5 -®H-TCO and SOH dipeptide (top). Spectrum were analyzed
using MassLynx (Waters Corp.)

General procedure for formation of stable sulfenic acid and selenenic acid for

fRMsr C84S C94S

Purified fRMsr was reduced for 1 hour in an aqueous buffered solution containfogl25
molar excess of DTT as the reducing agent. The fully reduced protein was loaded onto a
desalting column (GE Healthcare NA preequilibrated and eluted with phosphate
buffer (25 mM, 0.1 mM EDTA, pH 7.0) and 206 fractions were collected. Fraction
concentrations were determined by W6 spectrometry using the calculated fRMsr
extinction coefficient 11,460 Mcnv. The two fractions with the highest concentration of
protein were combined and incubated with a-idl@ molar excess of methionine sulfoxide
for 5 minutes. The protein solution was then loaded onto a 5 rttaplidesalting column
(GE Healthcare) prequiibrated and eluted with phosphate buffer (25 mM, 0.1 mM
EDTA, pH 7.0) and 20@L fractions were collected on ice.
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lonization Efficiency of fRMsr Products

Three separate 20M solutions of native fRMsr, iodoacetamide (IAM) labeled fRMsr
(fRMsr-IAM), and 2-18 labeled fRMsr (fRMsiTCO) were prepared in PBS buffer (25
mM, 0.1 mM EDTA, pH 7.0) as follows. Reduced fRMsr was prepared as above, diluted
to 20nM in PBS buffer, and analyzed by EBIS. fRMsrIAM was prepared by reacting
the reduced protein (above)tiv5-fold molar iodoacetamide. fRM&rCO was prepared
by reacting oxidized fRMsr (prepared as above) witHdl® molar diaxiaidiol-TCO for

10 minutes. Each of the alkylated proteins were separatebalterl by loading onto a
desalting column (GE Healtare Nap5) preequilibrated and eluted with phosphate buffer
(25 mM, 0.1 mM EDTA, pH=7.0), 200L fractions were collected, and one fraction was
diluted to 20rM and analyzed by ESMS. The total ionization count for the-denvoluted
proteins was plottedn the same spectrum using Prism software (FKB)SThe ionization
efficiency was calculated to be a 1.0:1.1:1.0 rati®2t@B8:1AM:Native.

KEA~G
"'OH
2118 OH
100-
—18
— |AM
= = Native
S
2
o 20
[
9
c
O
18700 18800 18900 19000
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Figure 2-25: Combined deconvoluted ESI mass spectrum for fRMsr (native), fRMsr
IAM, and fRMsrTCO analyzed &0 mM. The calculated molecular mass
of IAM modified fRMsr and diaxiadiol-TCO modified fRMsr is 18777
Da and 18860 Da respectively.
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trans-Cyclooctenol and Dimedone Competition Experiment with fRMsr

Competition between dimedone anans-cyclooctenol were measured under pseudo first
order conditions and analyzed by positive mode-MSI A single stock solution
containing2-1 and dimedone respectively, at 78d in PBS (10 mM, pH=7.4) buffer was
prepaed. The stable sulfenic acid of fRMsr was prepared as described above and diluted
to a concentration of 3@M in PBS (10 mM, pH=7.4). A 661 aliquot of the stock solution
containing2-1 and dimedone (100M final concentration) was added to 80 of fRMsr

solution (10mM final concentration) and allowed to react for 15 minutes.
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Figure 2-26: ESI mass spectrum of reduced fRMsr.
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Figure 2-27: Deconvoluted ESI mass spectrum for reduced fRbtantaining a single
peak at 18720.8 0.5 Da.
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Figure 2-28. ESI mass spectrum of fRMsr following competition experiment betdieen
and dimedone under pseufist order conditions.
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Figure 2-29: Deconvoluted ESI mass spectrum of fRMsr following cotitipe
experiment betwee?1 and dimedone under pseudo first order conditions.
The Major peak at 18844#0.5 Da indicates a successful and complete
transannular thioetherification 8f1. No peak was observed for dimedone
at 18858.10.5 Da.

General Procedure forin vitro Kinetics Assay

The reaction between r€lR,2R,5E,pRryclooct5-enel,2-diol 2-18 and fRMsksulfenic

acid was measured under psedfidst order conditions and samples were analyzed by ESI
MS. A stock solution 02-18 (10 mM) was prepad in DMSO and the stable sulfenic acid

of fRMsr was prepared following the procedure outlined above. For each experiment, 200
nL aliquots containing fRMsr (M) and TCO dioR-18(25, 50, and 7&M) were allowed

to react in a microcentrifuge tube at room temperature. At certain time points (10, 20, 30,
40, 60, 90, 180, and 300s) a 2D aliquot of the reaction mixture was quenched into an
microcentrifuge tube containing il of a solution of (4(6-methytl1,2,4,5tetrazine3-
yl)phenyl)methanamine hydrochlorid2 19) (Click Chemistry Tools) (final concentration

2.4 mM). Samples were then fully reduced with DTT (5 mM final concentration) and
analyzed by ESMS. Three runs were conducted for each cotregion of2-18 and data

was compiled using Prism software. The observed rate of alkylatigiFig. S18), was
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determined by nonlinear regression analysis using Prism software resulting in rate
constants of 0.01697, 0.02917, and 0.0543 the rateconstants were plotted against final

concentration to determine the bimolecular rate conktgfig. S19) of 750+ 150 Mls
! from the slope of the plot.
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Figure 2-30: ESI mass spectrum for complete transannular thioetherificatig+1 8f
with fRMsr-sulfenic acid.
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Figure 2-31: Deconvoluted ESI mass spectrum for complete transannular
thioetherification of2-18 with fRMsr-sulfenic acid. Contains a single peak
at 188600 + 0.5 Da, indicating complete addition 2{18.
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Figure 2-32: Representative waterfall plot with deconvoluted ESI mass spectra for
labeling fRMsr (51M) with 2-18 (75 nM).
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Figure 2-33:in vitro MS-kinetics for the alkylation of fRMsr (M) under pseuddirst
order conditions witl2-18 (A= 25nmM, B=50nM, C=75nmM). Raw data
points (red) and the fit curve (blue) for a pseudo first order rate equation
calculated on Prism software are shown.
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Figure 2-34: in vitro bimolecular rate determination from three conditions w2é8is
reacted with fRMsr by plottingoks vs final diaxiatdiol-TCO
concentration.
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Labeling of fRMsr Sulfenic Acid with a TCO biotin
The stable sulfenic acid of fRMsr was prepared as previously described and diluted to a

concentration of 1%M in PBS (10 mM, pH=7.4). TCO biotin stock solution in methanol
(20 mM) was added to the fRMsr at a final concentration ofrfd@@nd allowed to flly

react (60 min). The sample was then desalted into bicarbonate buffer (pH 8) and analyzed

by ESHMS.
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Fig 2-35: ESI mass spectrum for reaction of TCO biotin with fRMsr sulfenic acid.
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Fig 2-36: Deconvoluted ESI mass spectrum for reaction of TCO biotin with fRMsr
sulfenic acid. A mixture of products is observed for this reaction, a major peak
at 19,114.4+ 0.5 Da is consistent with electrophilic substitution by TCO
biotin, likely as the allylic gbstitution product. Another minor peak at

18,843.8+ 0.5 Da is consistent with transannular thioetherification with a loss
of glycol biotin).

Competition of SAM-TCO biotin vs TCO-Biotin for fRMsr Sulfenic Acid

Competition between SAMCO biotin and T©O biotin were measured under pseudo first
order conditions and analyzed by B88. A single stock solution containing SAMCO
biotin and TCO biotin respectively, at 1@ in PBS (10 mM, pH=7.4) buffer was
prepared. The stable sulfenic acid of fRMsr wasppred as described above and diluted
to a concentration of 118M in PBS (10 mM, pH=7.4). A 561 aliquot of the stock solution
containing SAMTCO biotin and TCO biotin (56M final concentration) was added to 50

nL of fRMsr solution (5vM final concentrabn) and allowed to fully react.
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Figure 2-37: ESI mass spectrum for competition of SANCO biotin and TCO biotin for
fRMsr-sulfenic acid.
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Figure 2-38: Deconvoluted ESI mass spectrum for competition SAMD biotin and
TCO biotin for fRMsr sulfenic acid. SAM CO biotin completely
outcompetes TCO biotin for sulfenic acid; only product formation
(19,086.0 Da) is observed for the thioetherifcation of SAMO biotin
with fRMsr.

Labeling of oxidized selenocysteinrdRMsr with SAM -TCO added after oxidation
SelenocysteinrdRMsr was oxidized to the selenenic acid as described above. The prepared
protein (5mM) was reacted witR-18 (25 nmM final concentration) iphosphate buffer (10

mM, pH 7.4) for 25 minutes. DTT (1 mM final concentration) was added to the reaction
mixture for 10 minutes, followed by iodoacetamide (5 mM final concentration). The
samples were then analyzed by B8%. Incomplete labeling was obseds with 2-18,
suggesting a competition between the selenoetherification2aithand intermolecular
diselenide bond formation (Figure2s).
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Figure 2-39: ESI mass spectrum of iodoacetamide labeled selenocy$iihe .
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Figure 2-40: Deconvoluted ESI mass spectrum of iodoacetamide labeled selenocysteine
fRMsr contains a single peak at 18824.0.5 Da.
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Figure 2-41: ESI mass spectrum for selenocysteiR&1sr labeled withl 8.
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Figure 2-42: Deconvoluted ESI mass spectrum of selenocysti&tisr labeled with2-
18. Contains a major peak at 18824.6.5 Da (selenocysteidf&Msr-

IAM) and a minor peak at 18907+20.5 Da, indicating incorporation @f
18.
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Oxidation and Labeling of selenocysei@fRMsr in the presence of SAMTCO

A solution of selenocysteir®Msr was reduced for 1 hour with 25 molar excess DTT.
The reduced protein was then desalted using a-Bl&Blumn into phosphate buffer (10
mM, pH 7.4) and placed on ice. To the desaltedgmdis M) was adde®-18 (25 nM

final concentration). In the presence?ei8, selenocysteirERMsr was then oxidized with

a 100 molar excess of methionine sulfoxide and allowed to react for 15 minutes. DTT (1
mM final concentration) was added to the teat mixture for 10 minutes, followed by
iodoacetamide (5 mM final concentration). The samples were then analyzed-MSESI
When oxidized in the presence 1.8, a high yield of the selenoetherification add&ct

22 was observed and the iodoacetamide atidias not observed.
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Figure 2-43: Deconvoluted ESI mass spectrum of selenocysti&tisr labeled with2-
18. Contains a major peak at 1890%.0.5 Da @-22) indicating
quantitative incorporation &-18. The peak at 18860:80.5 is a cysteine
containng fRMsr that is also fully labeled witk18. Also presenare the
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free selenocysteine and cysteinentaining fRMsr (less than 5% of all
species).

Labeling and Digestion of fRMsr C84S C94S

fRMsr was fully labeled witl2-18 as previously described. After labeling, the sample was
buffer exchanged into ammonium carbonate buffer (50 mM, pH = 8.0) using -& Nap
desalting column. For tandem mass spectrometric analysis, the modified protein sample
was heat denatured and incubateth 2 ng of endoproteinase GluC overnight at 87 °

Digested peptides were lyophilized and analyzed by Tandem MS.
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Figure 2-44: Sequencing by tandeMS of 2-18 labeled fRMsipeptide with the catalytic
cysteine. The sample was prepared by digestion with the Endoproteinase
GluC.

Selenocysteine containing fRMsr (C84,94S) was reduced with 10 mM DTT at room

temperature and buffer exchanged into 25 mM potassium phosphate cgn€inimM

EDTA (pH 7.0) using a Nap desalting column. Desalted protein was exposed to

methionine sulfoxide in the presence of 1 mM2ek8. Upon completion of the reaction,

the protein was desalted into ammonium bicarbonate (50 mM, pH = 8.0) using&a Nap

column. For tandem mass spectrometric analysis, the modified protein sample was heat

denatured and incubated with 2 ug of endoproteinase GIluC overnight at 37 °C. Digested

peptides were lyophilized and analyzed by Tandem MS.
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Figure 2-45: Sequencing byaindemMS of 2-18-labeled fRMsr peptide with the
selenocysteine. The sample was prepared by digestion with the
endoproteinase GluC.

Labeling of GAPDH with Dimedone using Hydrogen Peroxide Oxidant

An aliquot of GAPDH was reduced for 1 hour using 25 molaresg of DTT at room
temperature. The solution was desalted into phosphate buffer (50 mM, 0.1 mM EDTA, pH
7.5) using a prequilibrated NAPS desalting column. The reduced protein was diluted to

25 pM, to the protein solution was added 5 mM dimedone foliblaye200 uM hydrogen
peroxide at room temperature. After 30 minutes, the reaction solution was desalted into
0.1% formic acid and reduced with TCEP at room temperature. The samples were then

analyzed by ESMS. The efficiency of labeling by dimedone wascaéated to be 35%.
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Figure 2-46: ESI mass spectrum of GAPDH.
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Figure 2-47. Deconvoluted ESI mass spectrum of GAPDH. Contains a single peak at
37549.0 £ 0.5 Da).
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Figure 2-48. ESI mass spectrum of GAPDH labeled with dimedone.
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Figure 2-49: Deconvoluted ESI mass spectrum of GAPDH labeled with dimedone.

Contains unlabeled GAPDH at 37548.P.5 Da and dimedone labeled
GAPDH at 37686.3 0.5 Da.
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General Cell Culture Method

LNCaP clone FGC (ATCC CRIL740) cells were purchased from American Tissue
Culture Collection (ATCC) and cultured in RPNI640 supplemented with 5% v/v fetal
bovine serum (FBS) and 1% v/v R8trep (Invitrogen) at 37 °C and under 5%L0

General SDSPAGE and Western Blot

Proteins were separated on-20P gradient gel from Invitrogen and transferred onto a
PVDF membrane (ThermoFisher). The membrane was blocked with 5% BSA in TBST for
one hour at room temperature and was rinsed with TBST. After blocking)etrdrane

was incubated with high sensitivity streptaviddiiRP conjugate (Pierce) for 2 hours at
room temperature. The membrane was then washed with TBST (3x20 minutes). Protein
biotinylation was visualized withThermo Scientific SuperSignal West Pico
Chemluminescent Substratand imaged with the FluoroChem Q system. The dttiep

was inactivated using 30%,8, for 15 minutes at 37C and reblocked with 5% BSA in
TBST for one hour at room temperature as reported previdtiSlye blot was incubated

with GAPDH antibody (ThermoFisher) at 1:5000 for one hour at room temperature and
washed with TBST (3x10 minutes). The blot was then incubated with GoalMénte

IgG HRP (ThermoFisher) at 1:20,000 for one hour at room tempekaidrevashed with
TBST (3x10 minutes). The blot was developed using Thermo Scientific SuperSignal West
Pico chemiluminescent substrate and imaged with the FluoroChem Q system.

Protocol for DoseDependent Labeling

LNCaPs were briefly lifted using Trypsin g@5%, with EDTA). Trypsin was deactivated
with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a
final concentration of 1xFells/mL in PBS. TC@Biotin (2-21) was added (5800 nM)

and incubated for 2 hours at 37 °C with gembcking. After 2 hours?2-19 was added to
solution (5 mM final concentration) and allowed to react for 5 minutes. After quenching,

cells were pelleted by centrifugation and lysed in Pierce Lysis Buffer supplemented with
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protease inhibitors (Roche) fod 3ninutes with rocking at 4 °C. Cell lysates were clarified

by centrifugation and the supernatant was used forBRGE and Western blotting.

Protocol for in cellulo Quenching

LNCaPs were briefly lifted using Trypsin (0.25%, with EDTA). Trypsin was deaietil

with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a
final concentration of 1xf&ells/mL in PBS. SAMTCO biotin -21) was added to treated
samples to a final concentration of 58K and all samples were incubated3&t°C with
gentle rocking. Sample A (Main text, Figure 4D) was quenched at 30 minutes by the
addition of2-19 (5 mM final concentration. Sample B was quenched at 30 minutes by the
addition of2-19 (5 mM final concentration) immediately followed by treatrhef H.O»

(2 mM final concentration). Sample C was treated witdH1 mM final concentration)

after 30 minutes, followed by quenching wghl9 (5 mM final concentration) at 60
minutes total incubation time. Sample D was quenched after 60 minutes total incubation
time with 2-19 (5 mM final concentration). After 60 minutes total incubation time, all

samples were pelleted, lysed, and analyzed Istesme blot techniques described above.

SAM-TCO-Biotin Permeability Assay

HEK293T cells were maintained in growth me
medium (DMEM, Life Technologies) supplemented with 10% FBS (Atlanta Biologicals),
1% penicillin andstreptomycin (Life Technologies), and GlutaMAX (Life Technologies)
in a humidified incubator set at 37 °C/5% £6or imaging, cells were grown on glass
cover slips (#1.5, 22mm, Harvard Apparatus)tpeated with 5Grg/mL poly-L-lysine
(Alamanda PolymerdHuntsville, AL). HEK293T cells were transfected with a 3:1 ratio

of lipofectamine 2000 (Life Technologies):DNA (GARGFRHaloTagy in antibiotic

growth media at 8@0% confluence. Cells were incubated for 4 hours at 37 °C/5% CO
and media was changed into antibiotic free growth media. Aft@0litours sample A

and B were treated with methtdtrazinechloroalkang2-24) (10 niM) in growth media

for 30 minutes at 37 °C/5% GCells were washed three times (3 x 10 minutes) to
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remove unboun@-24ligand. Sample A was then treated with TC@mr&® (1 nM) for

30 minutes, followed by three waesh(3 x 10 minutes) in DPBS. Sample B was treated
with SAM-TCO-Biotin (2-21,500nM) for 2 hours at 37 °C/5% COfollowed by three
washes (3 x 30 minutes) in growth media. Sample B was then treated withf AKIRA

(2 mM) for 30 minutes, followed by three washes (3 x 10 minutes) in DPBS. Both
samples were fixed in 2% paraformaldehyde for 10 minutes and washed \8itihieB
times. After fixing, cells were permeabilized with 1% TritedB0, and washed with

PBS (3 x 10 minutes). Cover slips were mounted onto microscope slides using
FluoromountG (Southern Biotech, Birmingham, AL) containing DAPI. Samples were

analyzed ging a Zeiss LSM 810 confocal microscope (Carl Zeiss, Maple Grove, MN).

transfect A TCO-TAMRA
HEK293T GAP43-GFP-HaloTag MeTz-Halo >
— > 24 { SAM-TCO-Biotin . TCO-TAMRA

DAPI GAP43-GFP-HaloTag TAMRA Merge

Figure 2-50: HEK293T cells were transiently transfected with a plasmid encoding for the
cytosolic protein Growth Associated Protein 43 (GAP43) as a fusion with
GFP and HaloTag (GAP43FR-HaloTag) and subsequently tagged with
2-24. Images are shown for Sample A (no SAN@O-Biotin) and Sample
B (with SAM-TCO-Biotin). Total nuclei were visualized with DAPI and
are shown in blue (column 1). Cells expressing the GAPBB-HaloTag
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fusion were identified by the fluorescent signal of GFP shown in green
(column 2). TAMRAlabeld protein from the intracellular reaction
between the TCETAMRA reporter and methyletrazine are shown in red
(column 3). Overlays between the red, green, and blue channels were
created to demonstrate colocalization (yellow) between the fusion protein
andreaction between TGCOAMRA and tetrazine (column 4). A clear red
signal from TAMRA is observed in Sample A that is also colocalized with
GFP,; this indicates a successful intracellular reaction between TCO
TAMRA reporter and-24. Sample B does not contaarred signal from
TAMRA (column 3); the lack of red signal indicates that prior to the
addition of the TCOGITAMRA reporter, SAMTCO-Biotin was capable of
intracellularly reacting with the methyétrazine 2-24) on the cytosolic
GAP43GFRHaloTag fusion prtein.

In cellulo Specificity of SAM-TCO

LNCaPs were lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated with
RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a final
concentration of 1x10cells/mL in PBS. Sanip A contained SAMTCO biotin @-21) at

a final concentration of 100M, Sample B contained SAMCO biotin @-21) and SAM

TCO (@-18) at a final concentration of 10fM and 5 mM, respectively. Both samples were
incubated at 37 °C with gentle rocking. Af minutes total incubation time, all samples

were guenched, pelleted, lysed and analyzed by western blot techniques described above.
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Figure 2-51: Westernblot using HRPStreptavidin chemiluminescent signaling for
detection of biotinylated proteins. Lane A displays an obvious increase in
signal in comparison to the control lane and Lane B. Signal intensity for
lane B is equal to that of the conttahe, demonstrating complete loss of
biotin signal ofSAM-TCO biotin in the presence of exces48.

SAM-TCO biotin vs TCO-Biotin in live cell capture of sulfenic acid

LNCaPs were briefly lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated
with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a
final concentration of 1x®0cells/mL in PBS. Sample A contained SAMCO biotin @-

21) and Sample B contained TCO biotin, each at a final concentration af08oth

sampes were incubated at 37 °C with gentle rocking. After 60 minutes total incubation
time, all samples were pelleted, lysed, and analyzed by western blot techniques described

above.
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Comparison of Live-Cell versus CeltLysis Labeling

LNCaPs were briefly lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated
with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to in
RPMI-1640 devoid of FBS. For each condition, 8 ¥ ifal cells were pelleted dn
resuspended at 4 °C in 160 of either (1) lysis buffer with or without SAMCO biotin
2-21(500nM) or (2) in PBS with or withou2-21 (500nM). Samples were incubated for

30 minutes, after which samples were quenched by the additi@rl®f(5 mM find
concentration). Livecell labeled samples were pelleted and lysed following above
procedures. All samples were analyzed using standard BCA analysis for total protein
content and 30rg was loaded into each well for SBPAGE and western blot analysis

usingprocedures described above.
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Figure 2-52: Live cell versus lysed cell labeling of sulfenic acid was compared by
western blot using HRBtreptavidin chemiluminescent detection. Only
natively biotinylated proteins are observed in each of the control lanes. An
obvious increase in sulfenic acid laibglis observed under cell lysis

conditions in comparison to live cells under identical conditions, indicating
higher levels of oxidative stress.

SAM-TCO DYn2

Figure 2-53: Venn diagram of combined identified peptides from both biological

replicates of SAMTCO and DYh2 labeling of HEK293T cell lysates
without added k5.

78



REFERENCES

1. Finkel, T.; Serrano, M.; Blasco, M. A., The common biology of cancer and
ageing.Nature2007,448(7155), 767774.

2. Abo, M.; Weerapana, E., Chemical Probes for Redox Signaling and Oxidative
StressAntioxidants & Redox Signalir219,30(10), 13691386

3. Bak, D. W.; Weerapana, E., Cysteimediated redox signalling in the
mitochondriaMolecular Biosystem2015,11(3), 678697.

4, Chio, I. I. C.; Tuveson, D. A., ROS in Cancer: The Burning Queslimnds in
Molecular Medicine2017,23 (5), 411429.

5. Parvez, S.; Long, M. J. C.; Poganik, J. R.; Aye, Y., Redox Signaling by Reactive
Electrophiles and Oxidant€hem. Rev2018,118(18), 87988888.

6. Boronat, S.; Domenech, A.; Hidalgo, E., Proteomic Characterization of
Reversible Thiol Oxidations in Proteomes and Protéinoxidants & Redox Signaling
2017,26(7), 329U84.

7. Heppner, D. E.; Jansséfeininger, Y. M. W.; van der Vliet, A., The roté#
sulfenic acids in cellular redox signaling: Reconciling chemical kinetics and molecular
detection strategiesrch. Biochem. Biophy2017,616, 40-46.

8. Paulsen, C. E.; Carroll, K. S., Cysteilediated Redox Signaling: Chemistry,
Biology, and Tooldor Discovery.Chem. Rev2013,113(7), 46334679.

9. Salmeen, A.; Andersen, J. N.; Myers, M. P.; Meng, T. C.; Hinks, J. A.; Tonks,
N. K.; Barford, D., Redox regulation of protein tyrosine phosphatase 1B involves a
sulphenylamide intermediatéNature 2003,423(6941), 769773.

10. Parsonage, D.; Karplus, P. A.; Poole, L. B., Substrate specificity and redox
potential of AhpC, a bacterial peroxiredoxifroceedings of the National Academy of
Sciences of the United States of Ame?ié@8,105(24), 82®-8214.

11. Forman, H. J.; Zhang, H. Q.; Rinna, A., Glutathione: Overview of its protective
roles, measurement, and biosynthdsislecular Aspects of Medicir#2009,30 (1-2), 1-

12.

12. Poole, L. B.; Nelson, K. J., Discovering mechanisms of signaiadiated
cysteine oxidationCurr. Opin. Chem. Biol2008,12 (1), 1824.

13. Reisz, J. A.; Bechtold, E.; King, S. B.; Poole, L. B.; Furdui, C. M., Thiol
blocking electrophiles interfereith labeling and detection of protein sulfenic acitise
FEBS JournaR013,280(23), 61506161.

14. Benitez, L. V.; Allison, W. S., The inactivation of the acyl phosphatase activity
catalyzed by the sulfenic acid form of glyceraldehygeh8sphate dehydgenase by
dimedone and olefing. Biol Chenil974,249(19), 623443.

15. Poole, L. B.; Klomsiri, C.; Knaggs, S. A.; Furdui, C. M.; Nelson, K. J.;
Thomas, M. J.; Fetrow, J. S.; Daniel, L. W.; King, S. B., Fluorescent and AfBasgd
Tools To Detet Cysteine Sulfenic Acid Formation in ProteiBsoconjugate Chemistry
2007,18(6), 20042017.

16. Klomsiri, C.; Nelson, K. J.; Bechtold, E.; Soito, L.; Johnson, L. C.; Lowther,
W.T.; Ryu, SE.; King, S. B.; Furdui, C. M.; Poole, L. B., Useddnedonebased

79



chemical probes for sulfenic acid detection evaluation of conditions affecting probe
incorporation into redosensitive proteindviethods Enzymd@010,473 77-94.

17. Qian, J.; Wani, R.; Klomsiri, C.; Poole, L. B.; Tsang, A. W.; Fur@uiy.., A
simple and effective strategy for labeling cysteine sulfenic acid in proteins by utilization
o f -kefoesters as cleavable prob&semical CommunicatiorZ12,48 (34), 4091

4093.

18. Qian, J.; Wani, R.; Klomsiri, C.; Poole, L. B.; TsangW; Furdui, C. M., A
simple and effective strategy for labeling cysteine sulfenic acid in proteins by utilization
of betaketoesters as cleavable probt@eem. Commur2012,48 (34), 40914093.

19. Gupta, V.; Carroll, K. S., Profiling the reactivity of ¢ycC-nucleophiles towards
electrophilic sulfur in cysteine sulfenic actdhemical Scienc2016,7 (1), 400415.

20. Gupta, V.; Yang, J.; Liebler, D. C.; Carroll, K. S., Diverse Redoxome Reactivity
Profiles of Carbon Nucleophile3ournal of the AmeriaaChemical Societ017,139

(15), 55885595.

21. Shi, Y.; Fu, L.; Yang, J.; Carroll, K. S., Wittig reagents for chemoselective
sulfenic acid ligation enables global site stoichiometry analysis and-oeshdsolled
mitochondrial targetingNature Chemisy 2021,13(11), 11401150.

22. Poole, T. H.; Reisz, J. A.; Zhao, W. L.; Poole, L. B.; Furdui, C. M.; King, S. B.,
Strained Cycloalkynes as New Protein Sulfenic Acid Trapsrnal of the American
Chemical Societ2014,136(17), 61676170.

23. van Gel, R.; Pruijn, G. J. M.; van Delft, F. L.; Boelens, W. C., Preventing
Thiol-Yne Addition Improves the Specificity of StraRromoted AzideAlkyne
Cycloaddition.Bioconj. Chem2012,23 (3), 392398.

24.  Tian, H.; Sakmar, T. P.; Huber, T., A simple nogtHor enhancing the
bioorthogonality of cyclooctyne reageftthem. Commur2016,52 (31), 54515454,

25.  Alcock, L. J.; Farrell, K. D.; Akol, M. T.; Jones, G. H.; Tierney, M. M;
Kramer, H. B.; Pukala, T. L.; Bernardes, G. J. L.; Perkins, M. Nalker, J. M.,
Norbornene probes for the study of cysteine oxidafietrahedror2018,74 (12), 1220
1228.

26.  Alcock, L. J.; Oliveira, B. L.; Deery, M. J.; Pukala, T.L.; Perkins, M. V,;
Bernardes, G. J. L.; Chalker, J. M., Norbornene Probes f@dtertion of Cysteine
Sulfenic Acid in CellsACS Chemical Biolog019,14 (4), 594598.

27.  Shi, Y.; Carroll, K. S., Parallel evaluation of nucleophilic and electrophilic
chemical probes for sulfenic acid: Reactivity, selectivity and biocompatilifégox
Biology2021,46, 102072.

28. Holmila, R. J.; Vance, S. A.; Chen, X.; Wu, H.; Shukla, K.; Bharadwaj, M. S.;
Mims, J.; Wary, Z.; Marrs, G.; Singh, R.; Molina, A. J.; Poole, L. B.; King, S. B.;
Furdui, C. M., Mitochondridgargeted Probes fdmaging Protein Sulfenylatiorgcientific
Reports2018,8.

29. Leonard, S. E.; Reddie, K. G.; Carroll, K. S., Mining the Thiol Proteome for
Sulfenic Acid Modifications Reveals New Targets for Oxidation in Cakts. Chemical
Biology2009,4 (9), 783799.

80



30. McGarry, D. J.; Shchepinova, M. M.; Lilla, S.; Hartley, R. C.; Olson, M. F., A
Cell-Permeable Biscyclooctyne As a Novel Probe for the Identification of Protein
Sulfenic Acids. Acs Chemical Biolog2016,11 (12), 33003304.

31. Reddie, K. G.; Seo, Y. H.; Muse, W. B.; Leonard, S. E.; Carroll, K. S., A
chemical approach for detecting sulfenic agiddified proteins in living celldMolecular
Biosystem2008,4 (6), 521531.

32. Seo, Y. H.; Carroll, K. S., Profiling protein thiokidation in tumor cells using
sulfenic acidspecific antibodiesroceedings of the National Academy of Sciences of the
United States of Americ2009,106(38), 1616316168.

33. Seo, Y. H.; Carroll, K. S., Facile synthesis and biological evaluatiorcell-a
permeable probe to detect redegulated protein®Bioorganic & Medicinal Chemistry
Letters2009,19 (2), 356359.

34. Allison, W. S., FORMATION AND REACTIONS OF SULFENIC ACIDS IN
PROTEINS.Acc. Chem. Re4976,9 (8), 293299.

35. Denmark, S. E.; Collins, W. R.; Cullen, M. D., Observation of Direct Sulfenium
and Selenenium Group Transfer from Thiiranium and Seleniraluosmto Alkenes.
Journal of the American Chemical Socig609,131(10), 3496+.

36. Denmark, S. E.; Kornfilt, D. J. P.; Vogler, T., Catalytic Asymmetric
Thiofunctionalization of Unactivated Alkenekurnal of the American Chemical Society
2011,133(39), 1530815311.

37. Royzen, M.; Yap, G. P. A.; Fox, J. M., A Photochemical Synthesis of
Functionalized tran€yclooctenes Driven by Metal Complexatidournal of the
American Chemical SocieAp08,130(12), 376603761.

38. Royzen, M.; Taylor, M. T.; D&ngelis, A.; Fox, J. M., Total synthesis of
hyacinthacine A2: stereocontrolleebZacyclooctene photoisomerization and
transannular hydroamination with plartarpoint chirality transferChemical Science
2011,2(11), 21622165.

39. Taylor, M. T.; Fox, JM., Biosynthesis of the C1&cetogenin laurepoxide may
involve brominei nduced skel et al-oxocere precarsofieganedmon o f
Letters2015,56 (23), 35603563.

40. Royzen, M.; Yap, G. P. A.; Fox, J. M., A photochemical synthesis of
functionalized trangyclooctenes driven by metal complexatidournal of the American
Chemical Societ2008,130(12), 37606+.

41.  Taylor, M. T.; Fox, J. M., Biosynthesis of the Ca&etogenin laurepoxide may
involve bromineinduced skeletal rearrangement ddelta 4o0xocene precursor.
Tetrahedron Lett2015,56 (23), 35663563.

42.  Klomsiri, C.; Nelson, K. J.; Bechtold, E.; Soito, L.; Johnson, L. C.; Lowther,
W. T.; Ryu, S. E.; King, S. B.; Furdui, C. M.; Poole, L. B., USE OF DIMEDONE
BASED CHEMICAL PROBES FOR SULFENIC ACID DETECTION: EVALUATION
OF CONDITIONS AFFECTING PROBE INCORPORATION INTO REDOX
SENSITIVE PROTEINS. IMethods in Enzymology, Vol 473: Thiol Redox Transitions
in Cell Signaling, Pt A: Chemistry and Biochemistry of Low Molecular Weigght

Protein Thiols Cadenas, E.; Packer, L., Eds. 2010; Vol. 473, pp4(7

81



43. Gupta, V.; Paritala, H.; Carroll, K. S., Reactivity, Selectivity, and Stability in
Sulfenic Acid Detection: A Comparative Study of Nucleophilic and Electrophilic Probes.
Biocanj. Chem2016,27 (5), 14111418.

44.  BrigeliusFlohe, R.; Maiorino, M., Glutathione peroxidasBschimica Et
Biophysica ActaGeneral Subject2013,1830(5), 32893303.

45.  Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B., Mitochondria, oxidative
stress and cell deatApoptosi2007,12 (5), 913922.

46. Szychowski, J.; Mahdavi, A.; Hodas, J. J. L.; Bagert, J. D.; Ngo, J. T,
Landgraf, P.; Dieterich, D. C.; Schuman, E. M.; Tirrell, D. A., Cleavable Biotin Probes
for Labeling of Biomolecule via AzideAlkyne CycloadditionJournal of the American
Chemical Societ2010,132(51), 1835118360.

47. Paulsen, C. E.; Truong, T. H.; Garcia, F. J.; Homann, A.; Gupta, V.; Leonard,
S. E.; Carroll, K. S., Peroxidgependent sulfenylation of the ER catalytic site

enhances kinase activitature Chemical Biolog2012,8 (1), 5764.

48. Dawson, P. E.; Muir, T. W.; Clatkewis, I.; Kent, S. B., Synthesis of proteins

by native chemical ligatiorSciencel 994,266 (5186), 7769.

49. DeMeester, K. E. Li ang, H. ; Jensen, M. R. ;
Scinto, S. L.; Zhou, J.; Grimes, C. L., Synthesis of Functionalizédétyl Muramic

Acids To Probe Bacterial Cell Wall Recycling and Biosynthekiarnal of the American
Chemical Societ018,140(30), 94589465.

82



Chapter 3

AFFINITY BIOORTHOGONAL CHEMISTRY (ABC) TAGS FOR SITE -
SELECTIVE CONJUGATION, ON -RESIN PROTEIN-PROTEIN COUPLING,
AND PURIFICATION OF PROTEIN CONJUGATES

3.1 Introduction to Site-Selective Protein Modification

The ability to siteselectively modify proteins is important to diverse fields
including cellular and in vivo imagingproteomics’ drugreleaséand material scienée
Vital to any labeling method is the preservation of native biochemical and biophysical
properties. Chemical and enzyoatalyzed siteselective labeling methods with armin
acid specificity are actively being developed to meet this h&ederal chemical
met hods expl oit t he J{teonwmesrfoedrecpldaingorfworkin pr ot e
cohort with terminal amino acid side chafi¥aturally occurring enzymes have been
engireered to accept new substrates feieNminal, Gterminal, and internal labeling of
proteins bearing an appropriate amamd recognition sequence. Advances in genetic
code expansion of orthogonal systems have been developed for incorporation of
unnaturalamino acid<.Increasingly, these methods are used to incorporate tags such as
trans-cyclooctenes and tetrazines as handles that can engage in bioorthogonal chemistry,
which in turn dramatically increases the range of molecules that can be conjugated to the

protein with siteselectivity.

3.2 Lysine Targeting Chemical Modification with trans-Cyclooctenes and

Tetrazine

Classical protein modification work focused on the targeting of certain protein
side chains, most commonly nucleophilic lysine and cysteine residues. Early tetrazine
and TCO studies involved the labeling of antibodyrgsiesidues usiny-

hydroxysuccinimide (NHS) esters for multivalent repecific conjugatiod.Antibody-
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TCO conjugates have been reacted with a tetrazine counterpart for flmoeesce
microscopy:® micro-nuclear magnetic resonance imagthgnd radioimaging® 3The

use of NHS chemistry has also been used for creating biomolecule sensors or imaging
agents through proteidNA or proteinrprotein conjugate¥:!® Two-stepapproaches for
making proteirprotein conjugatem vivo have also been developed using Her2 pre
targeting antibodies labeled with TEHS followed by a later conjugation with Tz

NHS labeled albumin to promote cell internalizatté technique known as DNA

PAINT, uses antibodDNA conjugates have as a general labeling platform for
multiplexed imaging with high resolution; biomarker targeting pretéabeled with
TCO-NHS are conjugated with Tz functionalized DNA strands for fixed cell super

resolution imaging®

3.3 Cysteine Targeting Chemical Modification with trans-Cyclooctenes and

Tetrazine

One of the most common strategies for protein labeling has been to utilize the
unique reactivity of cysteine thiolates to carry out selective nucleophilic addition
reactions with small molecule electrophit€#nother advantage of thisrategy is that
singular, solvent exposed cysteines can be easily engineered onto proteins of interest
through standard molecular biology and recombinant expression techniques. Conjugation
of TCO onto thioredoxin bearing a single, solvent exposed cyst@iael@monstrated in
the original 2008 tetrazine ligation paper by Fox anavodkers?® | have created a
Clover maleimideTCO conjugate for imaging of pfabricated biomaterial fiber
surface$' or in situlabeling of hydrogels in the presence of live c&$his strategy has
been particularlyseful for labeling targeting proteins (i.e. antibodies, affibodies) site
specifically with a tetrazine or TCO followed by bioorthogonal and temporally controlled

addition of an imaging agert€?® Dichlorotetrazines are also capable of reacting with

reduced disulfides or nearby fre@d?cysteine
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Figure 31: Common TCO and Tetrazine reagents used for labeling or stapling of
cysteines on proteins
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3.4 Enzyme Mediated Protein Conjugation

Enzymecatalyzed bioconjugations to proteins have emerged as an extremely
useful al simple method for sitepecific incorporation of bioorthogonal handles.
Uniquely reactive peptide tags, recognized by a particular enzyme, can be readily
incorporated by recombinant means to a choice protein. Labeling reactions typically
occur under milgphysiological conditions, a key characteristic for robust and routine
labeling strategies. Described below are chempymatic strategies with successful

labeling of proteins and antibodies for diverse applications.

3.4.1 Lipoic Acid Ligase Bioconjugation

Alice Tingbés | ab developed a method cal
mediated by enzymes, using Bscherichiacoli lipoic acid ligase (LplA) mutant for
covalent attachment of acceptable probes to a recombinant protein containiagnan@3
acid LplA recognition sequence (GFEKYWYDLDA)). 22 Broader substrate scopes
were achieved t hr ekuwugh i mwytoa ttiroyrp t cofp haa nfi g aetse d
W37V, facilitating efficient ligation of TCO onto recombinant proteins \amthLAP tag
(Figure 32A).2° This work has also extended to sifgecific onepot duatlabeling of

antibodies with TCO using LplA and azides with microbial transglutaminase (fTG).
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The same LplA W37V mutations used for TCO have also been shown to tolerate alkyl
tetrazines as acceptable substrates for tagging LAP containing recombinant proteins for

live-cell imaging and building proteiprotein conjugates (FigureZB) .31 32

Lipoic Acid Ligase Derivatives
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Figure 3-2: (A) Equatorial TCO lipoic acid ligand developed by Ting and Fox (B) A
series of tetrazine, TCO, and norbornene ligands developed by Wombacher.

3.4.2 Self-Labeling Enzymes

The use of selfabeling enzymes for protein modification was first developed in
2003 by Johnsson using an engineeréal®ylguanineDNA alkyltransferase (hAGT)
for irreversible transfer of ®oenzylguanine derivatives to its cysteine resithighis
work has sparked development of other-taheling enzymes shcas CLIRtag and
HaloTag"; these labeling method are notably strdng to broad substrate scope,
efficient labeling, and ease of use in living recombinant systems. Tetrazine and TCO
derivatives have been successfully used as HaloTag ligands for |nabedihg and
imaging in multiple cellular compartments for tgteplabeling procedures with simple
fluorophores (Figure-3A)* or fluorogenié® Tz derivatives. More recently, catalytic

activation of dihydrotetrazine hatag ligands to reactive tetrazines has been
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demonstrated with spatiotemporal control (Figu2B3.3" Intracellular labeling of two
orthogonal bioorthogonal reactive handles was explored using & S3NA CLIP tag
duatexpression systethallowing for two separate proteins to be imaged at the same
time. In addition to imaging, selbeling enzymes such as Halotag have been used to
make proteirprotein conjigates?®
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Figure 3-3: (A) Tetrazine, TCO, and sil@ans-cyclooheptene HaloTaggands
developed by Fox and Johnson (B) Dihydrotetrazine HaloTag ligands
developed by Fox

3.4.3 Sortase Ligation

Direct Gterminus bioconjugation can be facilitated using a modified bacterial
sortase which recognizes the peptide sequence LPXTG and foranside bond with the
N-terminus of a polyglycine substrate. In 2015, Ploegh used an engineerethpésta
sortase A for chemenzymatic attachment of as@trazine onto the @rminus of

camelidderived singledomain VHHs (Figure 3lA). Tetrazine labeld VHH were
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reacted witht®F-TCO and used fan vivoradioimaging of class Il MHC (VHH7) and
CD11b (VHHDC13)° This strategy was also exiged to labeling of programmed death
ligand 1 VHH as an alternative method for detecting brown adipose deposits that is
independent of metabolic activity Similarly, newer class Il MHC VHHs were
conjugated with a 6TCO and labeled with aliF-2-deoxyfluoroglucosd z for imaging
of pancreatic tumors in mice (Figure4d).#2 van Delft introduced a @&rminal sortase
tags onto fullength antibody trastuzumab or proteins cytokine interleukin 2)land
shortchain variable fragment of UCHTA{CD3 scFv) for quantitatier attachment of
Gs-Tz or G-TCO tags. Cochran demonstrated that a septamutant sortase mutant
(SrtA7M) allowed for permissive nucleophilic addition of aminoalkyl bioorthogonal
handles; success was demonstrated using a broad range and proteinsifovityotand

in vivolabeling (Figure 34B).*
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Figure 3-4: (A) Tetrazine and TCO polyglycine ligands for sortase ligation developed by
Ploegh(B) Tetrazine amine used a small molecule surrogate for sortase
ligation developed by Cochran
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3.4.4 Transglutaminase and Farnesyltransferase Bioconjugation

Microbial transglutaminase (MTG) offers a simple way of modifying accessible
glutamine residuewith amine substrates, with simple expulsion ofsNid a byproduct.
Unlike previously mentioned chemoenzymatic reactions, this enzyme has no consensus
sequence and will often result in mixtures. Pelletier demonstrated labeling of bevine
lactalbuminad-LA) and human dihydrofolate reductase (hDHFR) with a number of
bioorthogonal handles, with tetrazine conjugation giving the highest labeling yields
judged by ingel fluorescence(Figure®A).** Duaklabeling was also demonstrated using
a glutamine reactive peptide conjugate bearing azide for labeling K346 3CO
antibody conjugate in a subsequent $tdppoic ligase and MTG have also been used
for dud-labeling trastuzumab with a TCO and azide(FiguBB33°

The enzyme protein farnesyltransferase (PFTase) natively tranfers farnesyl
isoprenoids to a recognized CAAX, where C yateine, A is an aliphatic amino acid,
and X can be serine, methionine, alanine, or gly@istefano has successfully
synthesized a TCO geranyl diphosphate derivative that can be readily accepted by
PFTase (Figure-8C)*® Quantitative labeling with TCO was achieved with peptide and
protein labeling using the CVIA recognition sequence.

Transglutaminase Ligands
A Pelletier B  Schibli
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Figure 3-5: (A) Tetrazine ligand for transglutaminase ligation developed by Pelletier (B)
TCO ligand for transglutaminase ligation developed by Schibli (C) TCO
ligand for farnesyltransferase ligation developed by Distefano
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3.5 Genetic Code Expansion

Geneticcode expansion allows for amino acid specific modifications of
recombinantly expressed protein. This technique relies on the use of an orthogonal
aminoacyitRNA synthetase and tRNA pair for orchestrating translation in response to an
amber stop codon. ¢ context of the tetrazine ligation, this strategy has been useful for
rapid live cell labeling/>° imaging®°>3 materials conjugatioff. and enzyme uncagirtg.

Mehl has developed a system for tetrazine incorpor#ti@nuses an evolved
Methanococcus jannasch{)) tyrosyltRNA synthetase and tRNA pair in response to an
amber codon (Figure-8A).>® Chin has developed a separate system from an evolved
Methanosarcina barkeiiMb) pyrrolysyHRNA synthetase and tRNA pair for the
incorporation of TCO amino acids (FiguréB). This work has been expanded on by
Schultz and Lemke to include other TCO derivatives that have improved stability and

incorporation(Figure 36C) > %8

Unnatural Amino Acids
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Figure 3-6: (A) Tetrazine amino acids developed by Mehl (B) TCO amino acid
developed by Chin and Fox (C) TC@mino acid developed by Schultz and
Lemke
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These methods have been transformative for labeling proteirspsitdically, but
differences in substta specificity, reaction kinetics, or even reagent stability may result

in incomplete labeling and a mixture of inseparable labeled and unlabeled proteins.

3.6 Small Molecule Protein Purification Techniques

The use of genetically encoded affinity tégispurification of complex mixtures
such as lysaté® or enzymecatalyzed labeling reactions are limited to removal of a
single protein species from a mixttfeProtens labeled with small molecule affinity
handles can also be selectively purified by affinity chromatography using binding partner
interactions such as biotin to avifimnd lithocholic acid or chromophoresfio
cyclodextrin (Figure &) .52 ®3While bioorthogonal chemistry has been used to attach
affinity tags to proteirfsor to covalently capture proteins on re&irf>this approach
O60spendsdé the bioorthogonal group onofprotei
functional molecules to the protein target. A wide range ofsalective protein
conjugation methods could benefit from a small molecule -pugdose tag than can both
facilitate protein purification while serving as a handle for subsequent ragpid an

guantitative bioorthogonal labeling.
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Figure 3-7: Small molecule ligands for protein enrichment and their binding partner pair

3.7  Pyridyl-Tetrazine Affinity Bioorthogonal Chemistry Tags

Tetrazines represent a particularly attractive handle becatiseir ability to
undergo inverse electron demand Diglder reactions; the most rapid bioorthogonal
reaction known, with reaction rates as fastas0*-10° Ms when combined with
trans-cyclooctene (TCO) dienophilé&.6%58 Recenimprovements to tetrazine synthesis
have also increased access to smaller and more diverse sui$tfatedrazine ligation
has found widespread use in the field of chemical biology for cellular laFéiitg’* 72
in vivoimaging!? *7° drug-delivery/® ""and proteomic&® ° Site-specific incorporation
of tetrazine substrates onto proteins has been successfully adopted for cffethical,

enzymecatalyzd,* 2828 and genetic code expansion technigtie¥: 8These
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methods have been instrumental for mstép preparation of protejroteirt? 87 or
proteinDNA%F®3 conjugates utilizing the tetrazine ligation and standard protein
purification methods.

In addition to their popularity as bioorthogonal chemistry reagents, tetrazines
have served as ligands in coordination chemistrPyi2dyltetrazines bindotmetals in a
manner an albpyidngsa group wiich 2aé been incorporated into peptides
and protein¥-" for metal binding. Symmetric, bidentate dlB6(2-pyridyl)- tetrazine
ligands are known to coordinate metahters such as &j C**, F&* and Ad in organic
solvents®® ®®*More recently, 3,8li-(2-pyridyl)-tetrazine ligands have been used in
aqueous buffered systems for supramolecular gelation wittafé NF* salts° and to
enhance reactivity of vinylboronic acids dienophiles mediated by boronic acid
coordination (Figure-BA,B).1%! Similarly, 6-methy}3-(2-pyridyl)tetrazine iridium(IIl)
complexes were constructed as luminogenic probes for live cell labeling (Fig@E'%
In addition to their capacity for metal binding, th@yidyl substituent also provides a

favorable balance of reactivity and stability to tetrazine reag&hi§?
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Figure 3-8: (A) Vinylboronic acid coordination with dipyridytetrazine demonstrated by
Bonger (B) Metal coordination of iron salts with dipyridgtrazine polymers
for supramolecular gelation demonstrated by Johnson (C) Luminogenic
pyridyl tetrazine iridium complexes demonstratgd_o

3.8 Results and Discussion

Here, | describe Affinity Bioorthogonal Chemistry tag8C-tags) for the dual

role of facilitating protein purification as well as serving as a handle for subsequent rapid

and quantitative bioorthogonal labeling (Figur8A). Derivatives of 3methyl6-(2-

pyridyl)tetrazine were designed to chelate to immobilized rieteaffinity

chromatography (IMAG)esins commonly used for protein purification (FigueB.

These small, dugburpose tags serve as tools that can wodomjunction with site

selective protein conjugation methods at thf@ninus, Nterminus or internal residues.

Because the dihydropyridazine products of tetrazine ligation also maintain affinity-for Ni

IDA resin, proteinprotein conjugation reactions chne

car r ireeds i onudt

téoompr ov

dimeric and heterotrimeric protein conjugates without additional purification steps.
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Figure 3-9: (A) ABC-tags for Ni(IDA) purification of tagged proteins and bioorthogonal
reactions (B) Pyridytetrazine tagged preins chelated to Ni(IDA) resin
(PDB_ID 3KZY)

3.8.1 ABC-tag Screening and Optimization with Cysteingagged Proteins.

A series of potential ABC tags were designed and evaluated for their ability to
bind Ni-IDA agarose resin when attached to a model prqtegure 310). Green
fluorescent protein (GFP) was sipecifically labeled with each of the tags (confirmed
by ESFMS) and separated by gitration into pH 6.0 adjusted-@\-
morpholino)ethanesulfonic acid (MES) buffer (Figure &B). MES buffer waselected
as a norcoordinating buffé”® and the pH was adjusted to 6.0 to alleviate-specific
protein interations with NiIDAresin®A 300 €L solution containi
protein was added by -IDAresw.iThepaturatedbresinivas 100 ¢
washed with 5 column volumes MiBSffer, followed by 5 column volumes MES buffer
with 10 mM imidazole to remove nespecifically bound protein. Finally, protein was
eluted with 400 mM imidazole in phosphate buffer and the total bound protein was
determined by UWis spectroscopy (Figui@10). Initial findings show the importance
of the pyridyl substituent as compour8i%a-c did not demonstrate any binding (Figure

3-), whereas pyridylTz 3-1d had the highest binding capacity of 3.4 mg/mL. Attachment
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of a bispyridyl-Tz tag 8-1g) increagd the binding capacity to 9 mg/mL, a-2o&d

increase with respect 81d, demonstrating that approaches using multivalent pyridyl

Tz attachments can be used for increasing binding capacities. Rihglgdropyridazine
derivative3-1f, the product of tl reaction betweeB+1d andsyn1,2-dihydroxy-5-trans
cyclooctene, also bound to Ni(IDA) resin but with a weakened binding capacity of 1
mg/mL (Figure 310). Pyridyttriazole @3-1€), the product of a copper(l) catalyzed azide
alkyne cycloaddition betweemalkyne and pyridy&zide, also displayed a similar

binding capacity t&-1f (Figure 310). ABC tags containing a pyridyllz core displayed

the best binding and were chosen as the lead compounds for testing selective purification

of sitespecifically lab&d proteins from chemoenzymatic ligation mixtures.
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Figure 3-10: GFP (PDB_ID 2B3P) was sH&pecifically modified at cysteine with a

panel of tetrazine compounds. Conjugates were used for measuring binding

capacity to Ni(IDA) resin. *For d.c, GFP was wwdified at the &erminus
using sortase ligation.
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3.8.2 C-Terminal Tagging and Purification

Enzymecatalyzed bioconjugations have emerged as a useful and simple method
for site-specific incorporation of bioorthogonal handles to proteins. The transpeptidation
reaction catalyzed by sortase A fr@taphylococcus aureus popular for labeling the
N- or Cterminus of proteins because of its diverse substrate scope, continued
improvement of sortase A enzymes, and simple reaction condifidfst direct G
terminal labeling, an LPXTG sequence is encoded on the protein of interest (POI), this
unique sequence is recognized by sortase A and facilitates amide bond formation with the
N-terminus of an aminoglycine substrate. Recently, the SrtA7Mnhatfasortase A was
demonstrated by Cochran and coworkers to accept a variety of small molecule amine
compound$? A minimal SrtA7M substrat8-2 was synthesized and used to demonstrate
the effectiveness of ABC tags for enzywatalyzed bioconjugations and purification. A
diversepanel of eight proteins bearing at€minal LPETGG recognition sequence were
tested for labeling and purification with ABC t8¢ using SrtA7M mediated
bi oconjugati on. Labeling-LWw&sI G&Ggndc teevid Su ¢ iA
and 2 mM3-2 at room tenperature for up to 2 hours. Gétration of the reaction
mixtures was used to stop the reaction by removing ABG-fadrhe percentage of
labeled POI was determined by H8S (Table 31). Consistent with previous reports for
SrtA7M bioconjugations, thdesired conjugates (PQPET-pyTz) were obtained in
good vyields for each of the protein reaction mixtures; for all proteins except GFP and
Her2affibody, the percentage of labeled protein was greater than 50% W ESI
analysis (Table-3). Also presentn the reaction mixtures were impurities consistent
with protein starting material (PQIPETGG), SritA7M enzyme, and/or hydrolyzed
protein (POILPET) ((Figure 311). Selective capture and purification of AAET-
pyTzconjugates were achieved on srsadbleusing 1 mL of NiIDA resin and following
the procedure described previously. To-eaeilibrated NiIDA resin in MES buffer, the
desalted sortase reaction mixture was adde
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resin was subsequently washed with Mi&ffer to remove nogpecifically bound

protein. The flowthrough from the loading and washing steps were combined, collected
and analyzed by ESWS. The only observable mass peaks were those consistent with
protein impurities: no mass peaks containing-BRET-pyTz were observed, suggesting
high retention to the NIDA resin. Following column washing, bound protein was eluted
with 5 columnvolumes of 400 mM imidazole in phosphate buffer. Protein recovery was
determined by UWis, and purity assessed by H8E5. For each elution, only POI
LPET-pyTz conjugates were observed, with recoveries ranging fre@b%2 (Figure 3

11, Table 31). Automated purifications using 12.5 mL-NDA with an AKTA fast

protein liquid chromatography (FPLC) were also tested with GRBpTag, 5F7

nanobody, and NanoLuc luciferase. FPLC based purification methods offer a distinct
advantage in terms of gradient profiling;line UV-Vis monitoring, column choice, and
automated fraction coll ecti ohC,red¢oeeries each

were high ¢ 85%) and contained pure product by 88% (Figure 5360)
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Figure 311: Purification from complex mixtures:-t&rminal Sortase ligation. POI
LPETGG (200 €M) was treated with 2
hours at room tempature resulting in a mixture of desired PKRET-pyTz
and undesired PQIPET, POILPETGG, and SrtA7M. The mixture was
OABC puri fi ed 0-LRE®-pydozbBESEMS of thp sontase P O
reaction mixture (before ABC) and pure PKRET-pyTz (after ABC) are
shown for GFP, SnapTag, 5F7 nanobody, NanoLuc, HaloTag, FN10, and
Her2 affibody.
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3.8.3 N-Terminal Tagging and Purification

Direct N-terminal labeling of proteins is another important method for site
specific protein labeling which often employs chemical meétitogy® 1°¢In 2009,

cyanobenzothiazole (CBT) reagents were shown to react specifically with proteins
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bearing an Nerminal cysteine under reducing conditid?sAn ABC-tagged CBT
ligand (3-3) was synthesized for demonstrating dirediekininal labeling to monomeric
streptavidin 2 (MSA2). Following established protoceé;h protein was labeled under
reducing conditions (2 mM TCEP) and 1 n88 for 2 hours at room temperature.
Labeling was quenched by ¢fdtration removal 0f3-3 and the percentage of labeled
protein was determined by ESIS (Figure 312). In addition tdhe desired conjugate,
multiple impurity peaks were observed in the 8 spectrum; impurities are consistent
with oxidized starting material (Figure@®.). ABC tagged protein was separated from
these impurities by NIDA purification and the eluted preins was free from lower
molecular weight impurities. The E®IS of the purified protein contained a peak
corresponding to the mSARtrazine conjugate and a minor peak due to a single

oxidation. The recovery of the mSA@trazine conjugate was 88% (FigL-12).
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Figure 3-12: Purification of Nterminal modified mSA2 using CBT ligation. (A) mSA2
was treated witl3-3 (1 mM) under reducing conditions with TCEP (2 mM)
and then ABC purified. (B) ESVIS for the Nterminal ligation mixture
(before ABC) and pified mSA2 (after ABC)
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3.8.4 ABC-tags Enable Purification from Complex Mixtures

Additional experiments were carried out to demonstrate that-#tsg@Ging is a
successful purification strategy even when the pyridyltetrazgged POI is only a
minor componaet in a mixture of proteins. Enzynreatalyzed or chemical conjugation
methods are preferably performi@dvitro under usedefined conditions as minor
impurities can be anticipated for a given reaction. The presence of unknown impurities is
always of concen, especially as some labeling methods require purification from cell
lysates where the POI is of low abundance. Purification of low abundant proteins was
initially tested using the model proteins GFP and thioredoxin (Trx). Each protein was
labeled sitespecifically by pyTz (15 uM, 1 eq) and mixed with unlabeled protein (135
MM, 9 eq) to produce a 9:1 mixture of unlabeled to labeled protein (Figl@8B GFR
pyTz does not elute with 10 mM imidazole in pH 6.0 MES, and-@FF can be cleanly
separated fnrm unmodified GFP as determined by MS analysis before and after
purification (Figure 3L3C). As shown in Fig 13D, the same procedure could be used to
purify unmodified thioredoxin (Trx) from protein that was ssedectively tagged by a
single pyridyl tetraine. | then tested ABC purification from a complex mixture of
unknown proteins, a defined amount of Gz was doped at low abundance to a
bacterial cell lysate mixture (Figurel3E). The bacterial lysate was purified byIRIA

and pure GFRpyTz (>90% gel) was recovered in 83% vyield.
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Figure 3-13: (A,B) ABC purification of a pyridyltetrazinéagged POl is only a minor
component (<10%) in a mixture of proteins. (C,D) Separation of (C} GFP
pyTz and (D) TrxpyTz from a mixture with excess, nostrazinetagged
protein. (E) GFRyTz (Lane A) was added to bacterial cell lysate (Lane B)
and the combined mixture (Lane C) was ABC purified to recover pure
GFP-pyTz (Lane D); samples were treated with FTCAMRA and
analyzed by SD®AGE to identify tetrazine labedl protein by irgel
fluorescence and total protein by coomassie stain.

3.8.5 On-resin Protein-Protein Conjugation

The ability for pyTzproteins to bind NIDA resinin situfor purification

purposes led us to consider if the relsound protein could falitate reactions with a free

STCOprotein counterpart for efficient protein coupling. Leading methods for preparing

site-specific proteipprotein conjugates are typically performed in solution with reaction

times requiring hours for higbonversion. To btain the desired conjugate, removal of

103



excess or unlabeled protein involves an additional protein chromatograpR§ $téyith
ABC-tagged proteins, successful conjugates would be formed in minutes, remain resin
bound through a dydropyridazine linker (as observed waH.f, Figure 310) and

impurities would be washed away. This new methodology would enable efficient protein
protein conjugation and cleap in a single step.-@rminal SnapTag conjugates bearing

an sTCO 8-5) or pyTz (3-6) were prepared via sortase ligation as described above

(Figure S61,62). Resirbound SnapTa@yTz (3-6) was prepared by loading the sortase
reaction mixture (100 pL, 40 uM Tz, 1 eq) onto 200 pL:INA resin and washing away
unbound impurities. A dotion of SnapTagTCO @-5) (100 pL, 120 pM sTCQO3

equiv.) sortase mixture was prepared, and without purification directly added to the top of
the column bed containiri$}6 for on bead coupling. The solution was allowed to flow by
gravity through the column over the course of 2 minutes, and unreaotethpvas

simply washed away. The successfute@ninally linked SnapTag conjugatesi)

remained bound to the resin through a dihydropyridazine linker and was cleanly eluted as
determined by ESMS and SDSPAGE (Figure 314A). The use of synthetic lieks

cannot only enable linear protein conjugations but can expand access to branched
geometries. To demonstrate this, GipyTz) (3-1g) (100 uL, 40 uM protein, 2 equiv.

pyTz) was preloaded onto 100 pL-NDA resin 3-8) and a thioredoxisTCO conjugate

(3-9) (338 L, 71 uM, 6 eq sTCO) was added in excess with respect to tetrazine (3 equiv.
STCO per Tz). The reaction was complete by flow and unre8c®edas washed away,
yielding a branched GFArx)2 conjugate3-10) that was cleanly eluted as observed by
ESEMS and SDSPAGE (Figure 314B).
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Figure 3-14: Ontresin protein coupling reactions. (A) Reaction mixture of SnapFag C
terminally modified with sTC(3-4 by sortase ligation3(5) was added in
excess to Ni(IDA) resnin bound SnapTagedminally modifiedwith
tetrazine3-2 by sortase ligation36). Purified SnapTag dimé&-7 (3-5 + 3-
6) was analyzed by ESWS and SDSPAGE (coomassie). (B) GFP site
specifically modified with bigpyTz (3-1g) was preloaded onto Ni(IDA)
resin 3-8) and reacted with an exceslssTCO modified Trx 3-9). Purified
protein trimer GFRTrx)2 (3-10) was analyzed by ESNS and SDSPAGE
(coomassie).

3.9 Conclusion

In summary, oyridyl-tetrazine serves as an Affinity Bioorthogonal Chemistry
(ABC) tag for the dual purpose of enabling protein purificationrviitu coordination to
Ni(IDA) resin and as a handle for bioorthogonal chemistry reactions. This method has
been successful for obtaining pure, sfeecifically modified proteins using-t&érminal
sortase ligation, Nerminal CBT ligation, and cysteine alkylation methods on 9 different

proteins. Orresin reactions between AB@gged proteins and complementary &FC
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tagged proteins, that remain bound through a dihydropyridazine linker, has enabled the
construction of linear and branched protein conjugates in minutes with defined
geometries in a single step with high purity. | anticipate ABgs will find general s

for applications requiring pure bioconjugates and rapidtro protein assembly.

3.10 Experimental Procedures

General Considerations for Synthesis and Characterization

Commercially available chemicals were purchased from Siglaiach, Combi
Blocks, Acros Organics, Alfa Aesar, Oakwood Chemical and TCI Chemicals. Anhydrous
dichloromethane, acetonitrile, and tetrahydrofuran were prepared by an alumina column
solvent purification system. Deuterated solvents were purchased from Cambridge Isotope
Laboratores. A Bruker AV400H: 400 MHz,**C: 101 MHz) was used to record NMR
spectra. Chemical shifts are reported in ppm and all spectra are referenced to their
residual nordeuterated solvent peaks. Coupling constants are reported to the nearest 0.1
Hz. Multiplicities are reported as followsngjlet (s), doublet (d), triplet (t), quartet (q),
pentet (pent), sextet (sext), heptet (hept
13C NMR resonances are proton decoupled and an APT pulse sequence was used to
determine type of carbon as fols: quaternary and methylene (C orAZEarbons
appear as Oupod6 (u) ands) meahboesaagpmat hgb
High resolution mass spectral data were taken with a Waters GCT Premier high
resolution timeof-flight mass spectrometer asing a Thermo xactive Orbitrap

instrument.

Electrospray ionization mass spectrometry of intact proteins were obtained using a Xevo
G2-S QTOF on a Waters ACQUITY UPLC BEH C4 revepd®mse column (300 A, 1.7
pm, 2.1 mm x 150 mm). A gradient of%% aetonitrile (0.1% formic acid) in water

(0.1% formic acid) over 5 minutes was used with a flow rate of 0.5 mL/min & .40
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Spectra were acquired from 350 to 2000 m/z at a rate of 1 sec/scan. The spectra were

deconvoluted using maximum entropy in MassLynx.

2-Bromo-N-(4-(6-methyl-1,2,4,5tetrazin-3-yl)benzyl)acetamide (311)

A A
N™=N DIPEA i

|
NN DCM NN 211

O o
N—O)J\/Br

0]

(0]
|r:{)K/Br

NHz* CI-

A flame dried rounébottom bottom flask equipped with a magnetic stir bar and nitrogen
inlet adapter was charged with metitgirazineamine (ClickChemistry Tools, 15 mg,
0.063 mmd). Anhydrous dichloromethane (DCM, 1 mL\,N-diisopropylethylamine
(DIPEA, 32 pl, 0.189 mmol), andN-hydroxysuccinimidyl bromoacetdf@ (NHS-
bromoacetate, 22 mg, 0.095 mmol) were sequentially added to the flask and the resulting
mixture was allowed to stir f@0 minutes at room temperature. The reaction was diluted
with dichloromethane and the organic layer was washed with 1N HCI (3 x 5 mL), and brine
(1 x5 mL). The organic layer was dried with sodium sulfate, filtered, and evaporated to
dryness. Purificatio on silica gel using flash chromatography with a gradients0%

ethyl acetate in hexanes as the mobile phase yielded the title compound as a pink solid (19
mg, 0.059 mmol, 94%}¥H NMR (400 MHz, CDC{) d 8.57 (app dJ = 8.3 Hz, 2H), 7.51

(app dJ=8.2 Hz, 2H), 6.92 (br s, 1H), 4.60 @@= 6.1 Hz, 2H), 3.99 (s, 2H), 3.10 (s, 3H).

13C NMR (101 MHz, CDGJ) d 167.48 (u), 165.68 (u), 163.93 (u), 142.27 (u), 131.42 (u),
128.47 (dn, 2C), 43.98 (u), 29.23 (u), 21.17 (dn). HRMS (ESI+) [M+E4lculated for
C12H13BrNsO* 322.0303; found 322.0305.

tert-Butyl (2-(2-(6-phenyl-1,2,4,5tetrazin-3-yl)acetamido)ethyl)carbamate (312)
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A flame dried rounebottom flask equipped with a magnetic stir bar and nitrogen inlet
adapter was charged with(@phenyt1,2,4,5tetrazin3-yl)acetic acid!! (50.0 mg, 0.231
mmol), X[Bis(dimethylamino)methylenelH-1,2,3;triazolo[4,5b]pyridinium 3-oxide
hexafluorophosphate (HATU,05 mg, 0.278 mmol) and the flask was vacuum and
backfilled with nitrogen. Anhydrous DCM (3 mL) and DMF (1 mL) were added to the
flask, followed by DIPEA (120 pL, 0.693 mmol) atndBoc-ethylenediamine (74.0 mg,
0.462 mmol). The mixture was stirred at ro@mperature. When the reaction was judged
complete by TLC, the mixture was diluted with ethyl acetate, transferred to a separatory
funnel, and sequentially washed with 1N HCI, DI water, saturated sodium bicarbonate, and
brine. The organic layer was driedtwvsodium sulfate, filtered, and evaporated to dryness.
Flash chromatography on silica gel with a gradient®¥®methanol in DCM as the mobile
phase gave the title compound as a pink solid (71 mg, 0.198 mmol, 86% )R

(400 MHz, CDBCI2:MeOD 1:1)d 8.59 (m, 2H), 7.64 (m, 3H), 4.29 (2H), 4.24 (s, 2H), 3.35
(m, 2H), 3.23 (m, 2H), 1.44 (s, 9HFC NMR (101 MHz, CRCl2:MeOD 1:1)d 169.4 (u),

166.3 (u), 165.2 (u), 157.9 (u), 133.5 (dn), 132.5 (u), 130.0 (dn), 128.7 (dn), 80.1 (u), 42.6
(u), 40.7 (u),40.4 (u), 28.6 (dn). HRMS (ESI+) [M+H]Calculated for @/H23NsOs"
359.1832; found 359.1824
2-bromo-N-(2-(2-(6-phenyl-1,2,4,5tetrazin-3-yl)acetamido)ethyl)acetamide (3L3)
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A flame dried rouneébottom flask was charged with compowd2 (71 mg, 0.199 mmol).
Anhydrous dioxane (2 mL) was added, followed by dropwise addition of 4N HCI in
dioxane (2 mL) and the resulting mixture was allowed to stir at room temperature for 2
hours The reaction solution was evaporated to dryness, redissolved with dichloromethane,
and then reevaporated to remove TFA. Anhydrous DCM (2 mL), DIPEA (138 uL, 0.796
mmol), and NHSoromoacetate (93 mg, 0.398 mmol) were sequentially added to the flask
and tle mixture was allowed to stir for 30 minutes at room temperature. The mixture was
diluted with dichloromethane, transferred to a separatory funnel, and sequentially washed
with 1N HCI (3x), and brine. The organic layer was dried with sodium sulfateeélitand
evaporated to dryness. Flash chromatography on silica gel with a gradiefit086 O
methanol in dichloromethane as the mobile phase gave the title compound as a pink solid
(50 mg, 0.132 mmol, 67% over two steg$).NMR (400 MHz, DCM:MeOD 1:1 } 857

(app dJ=7.11 Hz, 2H), 7.63 (m, 3H), 3.82 (& 2.4 Hz, 2H), 3.39 (app s, 4HFC NMR

(101 MHz, DCM:MeOD 1:13169.3 (u), 168.7 (u), 166.1 (u), 165.1 (u), 133.4 (dn), 132.2
(u), 129.8 (dn), 128.5 (dn), 42.5 (u), 40.1 (u), 39.6 (u), 28.8 (u). HEASS+) [M+H]*
Calculated for @H16BrNeO2" 379.0518; found 379.0517
2-(6-Phenyl1,2,4,5tetrazin-3-yl)ethyl 4-methylbenzenesulfonat€3-14)

o Q
JOs SO e
0 NN ©

> I |

N__N

N"N

NN Pyridine
DMAP 3-14
DCM
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A flame dried rounebottom flask equipped with a magnetic stir bar and nitrogen inlet
adapter was chargedglith 3-phenyt6-hydroxyethyt1,2,4,5;tetraziné!! (120 mg, 0.594
mmol). Anhydrous DCM (4 mL), pyridine (96 L, 1.188 mmoBdinethylaminopyridine
(DMAP, 7 mg, 0.059 mmoland 4toluenesulfonyl chloride (170 mg, 0.891 mmol) were
sequentially added and the resulting mixture was allowed to stir for 3 hours at room
temperature. The reaction mixture was diluted with DCM, transferred to a separatory
funnel, and washed with aqueosaturated sodium thiosulfate (2 x 5 mL), IN HCI (1 x 5
mL), and brine (1 x 5 mL). The organic layer was dried with sodium sulfate, filtered, and
evaporated to dryness. Flash chromatography on silica gel with a gradie2b%f 6thyl
acetate in hexanes the mobile phase gave the title compound (163 mg, 0.456 mmol, 77%
yield). *H NMR (400 MHz, CDCY) d 8.58 (m, 2H), 7.71 (app d,= 8.3 Hz, 2H), 7.63 (m,

3H), 7.27 (dJ = 8.4 Hz, 2H), 4.73 (app §,= 6.3 Hz, 2H), 3.72 (app §,= 6.3 Hz, 2H),

2.36 (s,3H)

13C NMR (101 MHz, CDGJ) d 166.2 (u), 164.6 (u), 145.2 (u), 133.0 (dn), 132.6 (u), 131.5
(u), 129.9 (dn), 129.4 (dn), 128.2 (dn), 127.9 (dn), 67.1 (u), 34.6 (u), 21.7 (dn). HRMS
(ESI+) [M+H]* Calculated for €H17N4OsS" 357.1021; found 357.1001

tert-Butyl (2-((2-(6-phenyl-1,2,4,5tetrazin-3-yl)ethyl)amino)ethyl)carbamate (3-15)

o H H otB

il N OtBu ' !
/(\O—§4©— HZN/\/ \”/ /(\” \n/

(@] 0 S (@]
NN SR

3-14 3-15

A flame dried rounebottom flask equipped with a magnetic stir bar and nitrogen inlet
adapter was charged wigil4 (163 mg, 0.457 mmol). Anhydrous DCM (2 mL) aNd
Boc-ethylenediamine (293mg, 1.83 mmol) were added and the mixture was allowed to stir
for 3 hours at room temperature. The reaction solution was diluted with DCM and the
organic layer was washed with 1N HCI (4 x 2 mL). The organic layer was dried with
sodium sulfate, filtered, and evaporated to dryness. The title compound was purified by

reversephase chromatography (12 g C18 cartridge, Yamazen Science Inc) on an ISCO
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RediSep automated flash system with a gradiertaii% methanol in water as the mobile
phase (99 mg, 0.287 mmol, 63%H) NMR (400 MHz, CDC{) d 8.59 (app dJ = 7.1 Hz,
2H), 7.61(m, 3H), 4.91 (bs, 1H), 3.53 (applts 6.3 Hz, 2H), 3.29 (appd,= 6.3 Hz, 2H),
3.253.15 (m, 2H), 2.84.76 (m, 2H), 1.41 (s, 9H¥C NMR (101 MHz, CDGCJ) d 168.8
(u), 164.4 (u), 156.1 (u), 132.7 (dn), 131.7 (u), 129.3 (dn), 128.0 (dn), 79.2 .[UJu}8
47.1 (u), 40.1 (u), 35.2 (u), 28.4 (dn). HRMS (ESI+) [M*+Ehlculated for €H2sNsO2"
345.2039; found 345.2034
N1-(2-(6-phenyl-1,2,4,5tetrazin-3-yl)ethyl)ethane-1,2-diamine (3-16)

H

N OtBu
N~ \n/ N—~_NH>
H o 1. TFA : DCM (1:1) H

N™ N [le\[\lj

NN NN
3-15 3-16

A flame dried rounébottom flask was charged with compowd5 (99 mg, 0.287 mmol).
Anhydrous DCM (2 mL) was added followed by TFA (2 mL) and the resulting mixture
was allowed to stir at room temperature for 2 hours. The solution was evaporated dryness.
The crude mixture was redissolved with dichloromethane and eatedoto dryness to

fully remove TFA. This was repeated three times, after which a pink solid remained (75
mg, 0.209 mmol, 73% yield) and was used without further purificatithNMR (400

MHz, MeOD)d 8.51 (m, 2H), 7.60 (m, 3H), 3.85 (s, 4H), 3.365 (, 2H), 3.563.40 (m,

2H). 13C NMR (101 MHz, MeODX 167.6 (u), 166.0 (u), 162.9 (u), 162.6 (u), 162.3 (u),
161.9 (u), 134.1 (dn), 133.1 (u), 130.3 (dn), 128.7 (dn), 121.9 (u), 119.0 (u), 116.1 (u),
113.2 (u), 46.4 (u), 46.1 (u), 37.9 (u), 32.1 (RMS (ESI+) [M+H] Calculated for
C1oH17N6" 245.1515; found 245.1511

6-(6-Methyl-1,2,4,5tetrazin-3-yl)pyridin -3-amine 3-17)

111



CH;

1. Ni(OTf), N)%N
CN ACN I |

NN NH,NH, NN
| . 317
Z 2 DMP N~ |
NH, N
NH,

A flame dried rounébottom flask equipped with a magnetic stir bar was charged with 5
aminc2-pyridinecarbonitrile (456 mg, 3.84mol), nickel(ll) triflate (350 mg, 0.96 mmol),

and the flask was sealed with a rubber septum. The flask was equipped with a venting
needle, followed by the addition of acetonitrile (2 mL, 39 mmol) and anhydrous hydrazine
(3 mL, 95 mmol). The venting neledwas removed, and the reaction was heated at 60 °C
overnight behind a blasthield. The reaction solution was cooled to room temperature and
vented carefully with a needle. Water was added to the reaction mixture (40 mL) and
exhaustively extracted withtheyl acetate. The combined organic layers were dried with
sodium sulfate and concentrated by rotary evaporation. The solid mixture-diasakved

in DCM (15 mL) and oxidized with Degdartin periodinane (DMP). The reaction was
monitored by TLC and addithal DMP was added until the dihydrotetrazine intermediate
was completely oxidized. The solution was diluted with DCM (30 mL) and washed with
brine (3 x 10 mL). The organic layer was dried with sodium sulfate, filtered, and
concentrated by rotary evapomati Purification on silica gel using flash chromatography
with a gradient of @.00% ethyl acetate in hexanes afforded the title compound as a dark
red solid (110 mg, 0.541 mmol, 14% yield). (Warning: a side product of this reaction is the
formation of lowmolecular weight 3 4limethyl1,2,4,5tetrazine and care should be taken
during workup).*H NMR (400 MHz, CDC4) d 8.66 (d,J = 8.66 (d,J = 8.6 Hz, 1H), 8.63
(d,J= 2.8 Hz, 1H), 7.61 (dd] =8.6, 2.7 Hz, 1H), 3.15 (s, 3H)

13C NMR (101 MHz, CDGJ) d 168.0 (u), 163.0 (u), 146.4 (u), 142.5 (dn), 140.2 (u), 126.9
(dn), 124.6 (dn), 21.3 (dn). HRMS (ESI+) [M+HTalculated for @HoNs" 189.0889;
found 189.0882.

2-Bromo-N-(6-(6-methyl-1,2,4,5tetrazin-3-yl)pyridin -3-yl)acetamide(3-18)
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A flame dried rounebottom flask equipped with a magnetic stir bar and nitrogen inlet
adapter was charged with compowadl7 (20 mg, 0.106 mmol). Anhydrous DCM (1 mL)
was added followed by DIPEA (37 ul, 0.212 mmol) and the flask was cooled by-an ice
bath.A 1.15 M solution of bromoacetyl bromine in anhydrous DCM (138 uL) was added
dropwise to reaction mixture and allowed to stir for 30 minutes at room temperature. The
solution was diluted with DCM and the organic layer was washed with 1N HCI (2 x 5 mL)
andbrine (1 x 5 mL). The organic layer was dried with sodium sulfate and filtered. The
crude mixture was loaded as a dilute solution on silica gel and purified by flash
chromatography with a gradient of50% ethyl acetate in hexanes to afford the title
compaund as a pink solid (38 mg, 0.123 mmol, 84% yield) NMR (400 MHz, CDCY)

d 8.88 (app s, 1H), 8.68 (d= 8.6 Hz, 1H), 8.57 (br s, 1H), 8.53 (ds 8.6, 2.2 Hz, 1H),

4.10 (s, 2H), 3.15 (s, 3HYC NMR (101 MHz, CDG) d 168.0 (u), 164.4 (u), 163.0)u
146.0 (u), 141.8 (dn), 136.5 (u), 127.6 (dn), 124.5 (dn), 29.1 (u), 21.4 (dn). HRMS (ESI+)
[M+H] " Calculated for @H10BrNsO" 309.0099; found 309.0103

tert-Butyl(2-((6-(6-methyl-1,2,4,5tetrazin-3-yl)pyridin -3-yl)amino)-2-
oxoethyl)carbamate(3-19)
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A flame dried rounébottom flask equipped with a magnetic stir bar and nitrogen inlet
adapter was charged with Bgtycine (372 mg, 2.12 mmol) and backfilled with nitrogen.
Anhydrous THF (3 mL) and NMP (512 pL, 5.31 mmol) were added. The stirred reaction
mixture was cooled to OC and isobutykhloroformate (206 pL, 1.59 mmol) was added
dropwise. A white precipitate formed instantly, and the mixture was stirred for 30 minutes
before adding pyridyltetrazing-17 (100 mg, 0.531 mmol) in one portion. The-lzah

was removed and the mixture was allowed to stir at room temperature for 2 hours. After
completion, the reaction was diluted with ethyl acetate and washed with 1IN HCI (3 x 5
mL), saturated sodium bicarbonate (1 x 5 mL), and brine (1 x 5 mL). The orggaic |

was dried with sodium sulfate and concentrated by rotary evaporation. Purification on silica
using flash chromatography with a gradient €f@% ethyl acetate in hexanes provided
the title (128 mg, 0.370 mmol, 70% yield NMR (400 MHz, CDCJ) d 9.84 (br s, 1H),

8.78 (s, 1H), 8.43 (m, 2H), 8.46 = 8.71 Hz, 1H), 5.81 (s, 1H), 4.03 (@= 4.26 Hz,

2H), 3.08 (s, 3H), 1.40 (s, 9HYC NMR (101 MHz, CDGJ) d 169.2 (u), 167.9 (u), 163.0

(u), 157.1 (u), 145.0 (u), 141.8 (d), 137.5 (u), 127.3 (@a%.6 (dn), 81.5 (u), 45.6 (u),

28.4 (dn), 21.0 (dn). HRMS (ESI+) [M+H{Calculated for @H20N7O3" 346.1628; found
346.1610

2-Amino-N-(6-(6-methyl-1,2,4,5tetrazin-3-yl)pyridin -3-yl)acetamide(3-2)
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A flame dried rounébottom flask was charged witlhmpound3-19 (30 mg, 0.086 mmol).
Anhydrous DCM (1 mL) was added followed by TFA (1 mL) and the resulting mixture
was allowed to stir at room temperature for 2 hours. The solution was evaporated dryness,
redissolved with dichloromethane, and then evapdraiedryness to remove TFA. This

was repeated twice to afford a red solid (30 mg, 0.083 mmol, quantitative yield) and was
used without further purificatiodH NMR (400 MHz, MeODX 8.95 (d,J = 2.4 Hz, 1H),

8.55 (d,J=8.4 Hz, 1H), 8.3 (dd] = 8.8, 2.4 Hz, 1H), 3.90 (s, 2H), 2.98 (s, 3HL NMR

(101 MHz, MeODX 169.5 (u), 166.6 (u), 163.8 (u), 146.2 (u), 142.3 (dn), 139.2 (u), 128.9
(dn), 125.5 (dn), 42.4 (u), 21.2 (dn). HRMS (ESI+) [M+HKJalculated for @H12N7O*
246.1103; found 246.1100

2-(2-((6-(6-Methyl-1,2,4,5tetrazin-3-yl)pyridin -3-yl)Jamino)-2-oxoethoxy)acetic acid
(3-20)

N)\N 0.__0__0O l}l/ N
| I
N _N \I\: T Nx N
o ‘ 3-20

N7 THF N7

X 40 °C X

3-17 HN OH
N2 oY
o) o)

A flame dried rounebottom flask fitted with a reflux condenser and nitrogen inlet adapter
was charged with compouel 7 (50 mg, 0.27 mmol). Anhydrous THF (5 mL) was added

followed by diglycolic anhydride (37 mg, 0.32 mmol). The reaction mixture waschatte
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40 C, allowed to stir for 16 hours, after which a pink precipitate had formed. The pink
precipitate was captured via vacuum filtration, washed with dichloromethane (3 x 5mL),
and dried over nitrogen to afford the title compound as a pink solid (7®.2% mmol,

93% yield).'H NMR (400 MHz, DMSQGds) d12.89 (br s, 1H), 10.50 (s, 1H), 9.08J¢

2.31 Hz, 1H), 8.52 (d = 8.84 Hz, 1H), 8.44 (dd = 8.63, 2.48 Hz, 1H), 4.28 (s, 2H), 4.25

(s, 2H), 3.02 (s, 3H3C NMR (101 MHz, DMSQGde) d171.8 (u), 169.2u), 167.3 (u),
162.8 (u), 144.7 (u), 141.7 (dn), 137.5 (u), 139.6 (dn), 124.2 (dn), 70.3 (u), 68.1 (u), 21.0
(dn). HRMS (ESI+) [M+HT Calculated for @H13NsO4" 305.0998; found 305.1000

tert-Butyl  (1-((2-cyanobenzofijthiazol-6-yl)amino)-1,4,*trioxo-12,15,18trioxa-3,8
diazahenicosar21-yl)carbamate (3-21)

o o)

(o)
tBuO)LH/\/\O/\/ \/\O/\/\”MQH

(0]

=N
HATU HzNJLN s
DIPEA H
DCM

o o o N
H HS—=
H H H
(e}

3-21

tBuO

A flame dried rounebottom flask equipped with a magnetic stir bar and nitrogen inlet
adapter was charged witi-Boc-N-succinimidyt4,7,10trioxatridecanel,13-diaminé*?

(200 mg, 0.238 mmol), HATU (100 mg, 0.261 mmol) and the flask was vacuum and
backfilled with nitrogen. Anhywus DCM (3 mL) followed by DIPEA (120 pL, 0.693
mmol) and a solution aflycine-6-amino-cyanobenzothiazot&® (50 mg in 1 mL anhydrous
DMF, 0.215 mmol) were sequentially added. The mixture was allowed to st
temperature for 3 hours. After completion, the reaction solution was diluted with DCM (10
mL) and washed with saturated sodium bicarbonate (2 x 5 mL) and brine (1 x 5 ml). The
organic layer was dried with sodium sulfate and concentrated by rotappratian.
Purification by silica using flash chromatography with a gradient-60% acetone in
DCM as the mobile phase provided the title compound as a white solid (95 mg, 0.150
mmol, 70% yield)*H NMR (400 MHz, DMSQds) d 10.29 (s, 1H), 8.77 (s, 1H), 8.40t,

= 5.6 Hz, 1H), 8.20 (d] = 9.4 Hz, 1H), 7.93 () = 5.3 Hz, 1H), 7.87 (d] = 9.3 Hz, 1H),
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6.806.68 (m, 1H), 3.93 (d]= 5.8 Hz, 2H), 3.49 (m, 4H), 3.46 (m, 4H), 3.38 (m, 4H), 3.10
(app qJ = 6.4 Hz, 2H), 2.9%app q.J = 6.5 Hz, 2H), 2.39 (s, 4H), 1.6/53 (m, 4H), 1.37

(s, 9H).13C NMR (101 MHz, DMSGds) d 172.83 (u), 172.06 (u), 169.27 (u), 156.03 (u),
148.12 (u), 139.82 (u), 137.13 (u), 135.49 (u), 125.20 (dn), 121.33 (dn), 114.04 (u), 111.83
(dn), 77.86 (u2 carbons), 70.21 (u, 2 carbons), 69.69 (u), 68.54 (u), 68.50 (u), 43.46 (u),
37.68 (u), 36.40 (u), 31.16 (u), 31.05 (u), 30.17 (u), 29.79 (u), 28.7 (dn). HRMS (ESI+)
[M+H] " Calculated for @H43NsOsS" 635.2863; found 635.2860

N-(2-((2-Cyanobenzofl]thi azol6-yl)amino)-2-oxoethyl)-N4-(1-((6-(6-methyl-1,2,4,5
tetrazin-3-yl)pyridin -3-yl)amino)-1,5-dioxo-3,10,13,16&etraoxa-6-azanonadecanl9-
yl)succinamide (33)

A flame dried rounebottom flask equipped with a magnetic stir bar and nitrogen inlet
adaptewas charged with Compour321 (45 mg, 0.071 mmol). Anhydrous DCM (1 mL)

and TFA (1 mL) were sequentially added and the resulting mixture was allowed to stir at
room temperature. The reaction progress was monitored by TLC. Upon completion, the
reaction stution was evaporated dryness, washed with dichloromethane, and evaporated
to dryness once more. To this, a 1 mL solutioB8-8D (26 mg, 0.0852 mmol) in DMF that

was preactivated for 30 minutes with pyridine (27 pL, 0.33 mmol) and pentafluorophenyl
trifluoroacetate (13.5 pL, 0.094 mmol) was added directly and the resulting mixture was
allowed to stir overnight at room temperature. The reaction solution was diluted with DCM
and washed with saturated sodium bicarbonate (1 x 5 mL), water (1 x 5 mL) an{iLbrine

x 5 mL). The organic layer was dried with sodium sulfate and concentrated by rotary
evaporation. Purification by reverpbase chromatography (12 g C18 cartridges, Yamazen
Science Inc) on an ISCO RediSep automated flash system with a gradie®0% O
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