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[001] Introduction
[002] Sulfur occupies a privileged place in biology owing to its versatile and unique
chemistlry.l’2 Indeed, although cysteine and methionine are the only two sulfur-containing

proteinogenic amino acids, the sulfur center plays a diverse array of critical roles spanning

3-10
I

catalysis to metal binding to redox regulation and other post-translational modifications. n

this context, selective protein conjugation methods based on cysteine modification have enabled

9,14-18

a broad range of fundamental and applied advances," " from probes of protein function to

21 and antibody-drug conjugates22 to activity-

synthesis of covalent small-molecule inhibitors
and reactivity-based protein profiling for functional cysteine identification'>**** and inhibitor
developmentzs. Cysteine bioconjugation strategies typically exploit the intrinsically high
nucleophilicity of the thiol/thiolate side chain, including elegant methods based on electrophilic

26-30

warheads such as maleimides and alkyl and aryl halides, transition metal-mediated

bioconjugation,31 and cysteine-to-dehydroalanine conversion. %%

[003] In contrast to the substantial body of literature on cysteine bioconjugation, analogous
methods for methionine labeling remain largely underdeveloped despite a number of compelling
motivations for its pursuit. Indeed, methionine is among the most hydrophobic and rare amino
acids, and taken together with the fact that the majority of methionine residues are buried within
interior protein cores,'? surface-accessible methionines are limited and offer a potentially
valuable handle for site-selective protein modification using naturally-occurring amino acid side
chains. In addition, post-translational modifications of methionine, including by oxidation and/or

metal binding,3’34’35

are emerging as critical nodes in signaling pathways that control function at
the cell and organism level. For example, reversible oxidation of specific methionine residues

within actin can control its assembly and disassembly to serve as a navigational signal’®>® and
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the antioxidant function of methionine sulfoxide reductase has been linked to regulation of life
span.39 In addition, recent work suggests that methionine oxidation can also increase binding
interactions with aromatic residues within proteins.*’

[004] A major chemical challenge in developing a selective methionine modification reaction
is its relatively weak nucleophilicity, which precludes the traditional approach of identifying an
appropriate methionine-specific electrophilic partner for its acid-base bioconjugation in the
presence of competing amino acids that possess stronger nucleophilicity such as cysteine, lysine,

tyrosine, or serine 3442,

[005] Summary of the Invention

[006] It is an object of the invention to provide methods and compositions for chemoselective
redox conjugation to thioether substrates, and compounds and compositions comprising the
conjugated substrates. The methods of the present invention are referred to as Redox Activated
Chemical Tagging (ReACT).

[007] In a first aspect, the invention provides methods for the chemoselective conjugation to a
target molecule comprising one or more thioether moieties. These methods comprise reacting an
N-transfer oxidant with a thioether substrate in a redox reaction in an aqueous environment to
form a conjugation product.

[008] In certain embodiments, the N-transfer oxidant comprises a reactive oxaziridine group,
which reacts with at least one of the one or more thioether moieties on the target molecule, and
the conjugation product comprises a resultant sulfimide on the target molecule.

[009] In some embodiments, an N-transfer oxidant is reacted with a thioether moiety on a
target molecule in an aqueous environment. Suitable N-transfer oxidants comprise an N-halide
bond, a N-O bond, or an N-S bond, and preferably comprise a oxaziridine group. Suitable
substrates comprise a thioether. In preferred embodiments the oxidant and thioether are

represented by formulas I and II:

O

\N—R1

R, /S\
Rs I Ri Rs 11
wherein R;-Rs are independently selected from a heteroatom and optionally substituted,
optionally hetero-, optionally cyclic C;.;5 hydrocarbyl, and optionally covalently or non-
covalently joined to additional atoms or moieties. In some embodiments, R; comprises a

carboxyl or amide group bound to the indicated N, and further comprises a functional group
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(e.g., a functional group that can be reacted in a click reaction, for example, but not limited to,
an azide or alkyne group), which can be further reacted to form a linker to a payload molecule
comprising a corresponding functional group (e.g. a functional group that can be reacted in a
click reaction, for example, but not limited to, payload molecules modified to comprise an azide
or alkyne group). In some embodiments R; is -C(O)XRg, X is O or NH, and Rg is C;_¢ alkyl
optionally substituted with C, ¢ alkynyl, C, ¢ alkynyloxy, or -N3. In some embodiments, R, is H,
halogen, C,¢ alkyl, C;_¢ haloalkyl, C,¢ alkoxy, or C;¢ haloalkoxy, and Rs is phenyl or
heteroaryl, wherein phenyl or heteroaryl are optionally substituted with one or more (e.g. 1, 2, 3,
4 or 5, preferably 1, 2 or 3) substituents independently selected from the group consisting of
halogen, C,¢ alkyl, C;_¢ haloalkyl, C,¢ alkoxy, and C;¢ haloalkoxy. In some embodiments R; is
-C(O)XRg, X is O or NH, and Rg is C;¢ alkyl optionally substituted with C,_¢ alkynyl, Cs4
alkynyloxy, or -N3; R, is H, C;¢ alkyl, or C;_¢ haloalkyl, and Rj; is phenyl, for compounds of
formula I. In some embodiments of compounds of formula II, Ry is C; ¢ alkyl and Rs is
substituted C;¢ alkyl such that R4-S-R5 is an amino acid residue of a protein or polypeptide,
preferably wherein R4-S-Rs is a methionine residue of protein or polypeptide. In some
embodiments, R4-S-Rs represents a methionine thioether of a protein or polypeptide target
molecule. Such proteins or polypeptides include, without limitation, a therapeutic protein or
polypeptide, including an antibody or antibody fragment. In some embodiments, the protein or
polypeptide includes one or more additional methionine residues that may also react with the N-
transfer oxidant in the reaction with compounds of formula I. In some embodiments, the
compound of formula II is a protein or polypeptide having one or more methionine residues,
wherein one or more of the methionine residues reacts with the N-transfer oxidant. In some
embodiments, R4 is methyl and Rs is -CH>;CH>,CH(NHR)C(O)R7, wherein Rg is -H or NHR¢
forms a peptide bond, and R is -OH, or C(O)R; forms a peptide bond, provided that at least one
of NHRg and C(O)R7 forms a peptide bond.

[010] In some embodiments, the compound of formula II is a compound of formula Ila

Re
\N
H

R7 I
wherein NH-R¢ and C(O)-R; are peptide bonds within a protein or peptide, or Re is -H and
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C(0O)-R7 is a peptide bond within a protein or peptide, or R7 is -OH and NHRg¢ is a peptide bond
within a protein or peptide.

[011] In another aspect, a compound of formula I is provided, where R; comprises a
functional group, wherein said functional group can be further reacted to form a linker to a
payload molecule, such as an active moiety. In some embodiments R; is -C(O)XRg, X is O or
NH, and Rg is C ¢ alkyl optionally substituted with C,¢ alkynyl, C, ¢ alkynyloxy, or -N3; R, is H,
halogen, C,¢ alkyl, C;_¢ haloalkyl, C,¢ alkoxy, or C;¢ haloalkoxy, and Rs is phenyl or
heteroaryl, wherein phenyl or heteroaryl are optionally substituted with one or more (e.g. 1, 2, 3,
4 or 5, preferably 1, 2 or 3) substituents independently selected from the group consisting of
halogen, C,¢ alkyl, C;_¢ haloalkyl, C,¢ alkoxy, and C;¢ haloalkoxy. In a preferred embodiment,

R is H; and Rj is phenyl. In some embodiments, the compound of formula I is a compound of

formula Ia
X—R
O 8
P N—<
R O
R3 Ia

wherein X, Ry, R3 and Ry are as defined for compounds of formula [. In some embodiments X is
NH.

[012] In another aspect, a compound of formula III is provided:

Rg | O
|
N7 X—Rg
R7” O I

wherein R¢ and R are as defined for compounds of formula IT and X and Rg are as defined for
compounds of formula I. In some embodiments, X is NH.

[013] In some embodiments, the compound of formula Il is a compound of formula I1la

O
L N,
/
P=N

wherein P represents a polypeptide or protein linked to the indicated nitrogen via a sulfimide

bond with the sulfur of methionine, wherein the polypeptide or protein has n sulfimide modified
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methionine residues, where n is 1 or more, including 1-20, 1-15, 1-10, 1-5, 1,2, 3,4 or 5, and X
and Ry are as defined for compounds of formula I. In some embodiments, X is NH.
[014] In another aspect, a target molecule conjugate is provided, wherein the target molecule
conjugate comprises a target molecule comprising at least one sulfimide modified methionine
residue bound to a linker, wherein said linker is bound to a payload molecule. In some
embodiments, the payload molecule is an active moiety. In some embodiments, the target
molecule is a protein or polypeptide and the conjugate is a protein or polypeptide conjugate of
formula IV

v LS

" Sy

wherein R¢ and R are as defined in formula II, X is O or NH, L is a linker moiety and Rg is a
payload molecule. In some embodiments, the payload molecule is an active moiety. In some
embodiments, X is NH. In some embodiments L is a linker resulting from the click reaction of a
compound of formula III (including a compound of formula Illa) and a suitably modified
payload molecule. Suitably modified payload molecules contain substituents reactive in click
reactions, for example, but not limited to, payload molecules modified to comprise an azide or
alkyne group (see e.g., Fig. 3).

[015] In some embodiments, the compound of formula IV is a compound of formula [Va

[

wherein P represents a polypeptide or protein linked to the indicated nitrogen via a sulfimide

n IVa

bond with the sulfur of methionine, wherein the polypeptide or protein has n sulfimide modified
methionine residues, where n is 1 or more, including 1-20, 1-15, 1-10, 1-5, 1,2, 3,4 or 5, Xis O
or NH, and L and Ry are as defined for a compound of formula I'V. In some embodiments, X is
NH. In some embodiments L is a linker resulting from the click reaction of a compound of
formula III (including a compound of formula IIIa) and a suitably modified payload molecule.
In some embodiments, L. comprises a triazole or isoxazole ring linking group.

In some embodiments, the compound of formula IV is a compound of formula IVb
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P:éL}“Rg) LFA

wherein P represents a polypeptide or protein modified such that P=L is a sulfimide bond
between a methionine residue of P and linker L, wherein the polypeptide or protein has n
sulfimide modified methionine residues, where n is 1 or more, including 1-20, 1-15, 1-10, 1-5, 1,
2,3, 4 or5, and each L, is a linker moiety comprising =N- in the sulfimide bond to a methionine
sulfur within P, and Ry is as defined for a compound of formula IV. In some embodiments, L;
comprises a triazole or isoxazole ring linking group. In some embodiments, P is a polypeptide
or protein, such as an enzyme, an antigenic protein, a chemokine, a cytokine, a cellular receptor,
a ligand for a cellular receptor, or an antibody or active fragment thereof. In some
embodiments, the antibody or active fragment thereof comprises a modification of the wild type
antibody by introducing one or more accessible methionine residues.

[016] In another aspect the invention provides a redox-activated chemical tagging (ReACT)
method for methionine-based substrate functionalization, comprising contacting a methionine-
containing substrate with an oxaziridine in an aqueous environment wherein the oxaziridine
directly functionalizes the substrate by converting the methionine of a substrate to the
corresponding sulfimide conjugation product. In some embodiments, the invention provides
reacting a compound of formula I (including a compound of formula Ia) with a compound of
formula II (including a compound of formula Ila) to form a compound of formula III (including
a compound of formula IIla). In some embodiments, the invention provides reacting a protein,
such as an antibody or active fragment thereof, with a compound of formula I (including a
compound of formula Ia) to provide a compound formula III (including a compound of formula
ITa). In some embodiments, the invention further provides reacting a compound of formula IIT
(including a compound of formula IIIa) to form a compound of formula IV (including a
compound of formula [Va or [Vb). In some embodiments, the invention further provides
reacting a compound of formula Illa to form a compound of formula [Va or [Vb, preferably
wherein P is an antibody or active fragment thereof.

[017] In some embodiments the substrate is a protein, and the method results in modification
of the protein, with applications in synthesis and characterization of antibody-drug conjugates
and related biologic therapeutics and imaging agents, chemoproteomics and inhibitor design, as
well as modifications to study and improve upon protein function, including solubility, stability,
and metabolism and pharmacokinetics.

[018] The subject methods and ReACT methods can be combined with stable isotope labeling

with amino acid in cell culture (SILAC) or isotope coded affinity tag (ICAT) for quantitative
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proteomics analysis of methionine function in vivo and in vitro by mass spectrometry, with
application including but not limited to quantitative analysis of methionine reactivity,
quantitative analysis of oxidative-sensitive methionine, quantitative analysis of stress sensitive
methionine and quantitative analysis of methionine sulfoxide reductase substrates.In another
aspect, the invention provides compounds adapted for use in a redox-activated chemical tagging
(ReACT) method. In some embodiments, the invention provides a compound of formula I
(including a compound of formula [a); a compound of formula II (including a compound of
formula I1a); or a compound of formula III (including a compound of formula Illa).

[019] In another aspect, the invention provides a polypeptide or protein conjugate which has
the structure of formula I'V (including a structure of formula IVa or IVb), wherein P is a
polypeptide or protein such as an enzyme, an antigenic protein, a chemokine, a cytokine, a
cellular receptor, or an antibody or active fragment thereof.

[020] The invention encompasses all combination of the particular embodiments recited

herein, as if each combination had been laboriously recited.

[021] Brief Description of the Figures

[022] Fig 1A-D. The ReACT strategy for chemoselective methionine bioconjugation. (A)
Left panel: Acid-base conjugation strategies for cysteine-based protein functionalization; Right
panel: Redox-Activated Chemical Tagging (ReACT) strategies for methionine-based protein
functionalization. (B) Model redox conjugation reaction with N-acetyl-L-methionine methyl
ester (S1) and various oxaziridine compounds as substrates in co-solvent. (C) Number of unique
redox conjugation carrying peptide on Met, Lys and Cys. (D) Yield of conjugation reaction.
[023] Fig 2A-B. The ReACT strategy for protein functionalization. (A) General two-step
procedure for methionine-specific protein functionalization a combination of ReACT and click
reactions. (B) Redox conjugation of a CaM model protein with various oxaziridine (Ox)
compounds.

[024] Fig 3. Functionalization of ReACT labeled calmodulin protein with various
payloads using click reaction. Desthiobiotin, Cy3 and PEG payloads comprising reactive

groups suitable for conjugation using click chemistry.

[025] Description of Particular Embodiments of the Invention
[026] Unless contraindicated or noted otherwise, in these descriptions and throughout this

specification, the terms “a” and “an” mean one or more, the term “or” means and/or and
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polynucleotide sequences are understood to encompass opposite strands as well as alternative
backbones described herein.

[027] The examples and embodiments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be suggested to persons skilled in the
art and are to be included within the spirit and purview of this application and scope of the
appended claims. All publications, patents, and patent applications cited herein, including
citations therein, are hereby incorporated by reference in their entirety for all purposes.

[028] Methionine-selective ligation reactions remain elusive owing to its intrinsically weak
nucleophilicity. Here we disclose strategies for chemoselective methionine bioconjugation
through redox reactivity, using oxaziridine-based reagents to achieve highly selective, rapid, and
robust methionine labeling under a range of biocompatible reaction conditions. We highlight the
broad utility of this conjugation method to enable precise addition of payloads to proteins
including therapeutic antibody, synthesis of antibody-drug conjugates, and identification of
hyper-reactive methionine residues in whole proteomes.

[029] The invention provides many commercial applications including:

[030] 1. Therapeutic proteins functionalization based on methionine bioconjugation such as
therapeutic protein PEGylation, antibody-drug conjugates, protein labeling for imaging and
diagnosis, as well as other protein post translational modifications.

[031] 2. Therapeutic polypeptides functionalization based on methionine bioconjugation such
as polypeptide PEGylation, polypeptide-drug conjugates and other polypeptide post-translational
modifications.

[032] 3. Therapeutic intervention based on methionine bioconjugation for protein function
activation and/or inhibition.

[033] 4. Biomolecule functionalization based on thioether bioconjugation using oxaziridine
compounds such as DNA, RNA, lipid and sugar bioconjugations

[034] The present invention provides a unique and general redox-based approach to
chemoselective methionine conjugation that complements the wealth of acid-base conjugation
methods for modification of more nucleophilic amino acids such as cysteine, lysine, and serine.
Three major utility directions of this invention are listed as follow:

[035] 1. One utility of the present invention is to provide for the functionalization of proteins
and polypeptides, such as antibodies and their fragments, as well as other therapeutic proteins,
using naturally-occurring methionine residues that are native or readily introduced by chemical
modification or by standard site-directed mutagenesis. This procedure is simple and

straightforward, can be applied to all proteins or polypeptides, for example to provide a
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chemical handle that may be used to install poly(alkyl oxide) (e.g. “PEG”) moieties,
fluorophores and other payloads or tracers, or to conjugate two polypeptides together (e.g., an
antibody/protein conjugate).

[036] 2. More broadly, the present invention provides for installation of various payloads as
mentioned above onto other biomolecules, including but not limit to, DNA, RNA, lipid and
sugar by introduction a thioether function group. This method allows functionalization of any
thioether containing biomolecules with a simple and straightforward procedure.

[037] 3. Finally, the selectivity of the oxaziridine as the N-transfer oxidant offers a chemical
platform for identifying and studying functional methionines in whole proteomes, and function
protein using methionine as key residues, providing a vehicle for therapeutic interventions based
on reactive methionine activation and/or inhibition.

[038] The present invention can provide several benefits as compared to other naturally-
occurring amino acids such as cysteine, lysine and tyrosine based bioconjugation methods.
[039] 1. The present invention provides highly selective, rapid, and robust methionine labeling
methodology that is operable under a range of biocompatible reaction conditions using redox
based reactivity without using electrophiles to label protein, thus avoiding a selectivity issue,
and a resulting inconsistency of labeling in a protein drug.

[040] 2. The relative rarity of methionine in surface-accessible forms, such as in the
complementarity determining region (CDR) of antibodies that show highly similar sequence
homology, significantly reduces background protein functionalization for a series of therapeutic
proteins when using methodology of the present invention.

[041] 3. The present invention can permit installation of various payloads onto proteins at
well-defined positions and with excellent payload-target molecule conjugation efficiency due to
the extremely high reactivity of the oxaziridine group with the thioether. In certain
embodiments, the protein functionalization of the present invention can be completed within 20
min at neutral pH and under biocompatible conditions. The reactivity kinetics of our method is
much faster than traditional protein modification methods. This provides a significantly
simplified the protein functionalization procedure.

[042] 4. The selectivity of the oxaziridine conjugation chemistry provides a platform for
identifying and studying functional methionines in whole proteomes, as well as a starting point
for therapeutic interventions based on reactive methionine activation and/or inhibition. This
invention provides novel protein drug design methods for new drug design and discovery.

[043] 5. The bioconjugation linkages described herein are stable for at least 14 days in the

presence of 100% FBS, which is beneficial for in vivo applications. The protein
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functionalization is also stable in an extracellular environment. More importantly, under strong
thiol reducing conditions such as are found intracellularly, the linkage can be cleaved to release
an attached active moiety (e.g. a therapeutic) within a cell.

[044] The present invention also may provide significant advantages over non-natural amino
acid based bioconjugation methods. The present methods enable the direct functionalization of a
protein of interest at directed methionine residues without engineering the non-natural
functionalities into a protein through such non-natural amino acids.

[045] Chemistry

[046] A hydrocarbyl group is a substituted or unsubstituted, straight-chain, branched or cyclic
alkyl, alkenyl, alkynyl, acyl, aryl, arylalkyl, arylalkenyl, arylalkynyl, alkylaryl, alkenylaryl or
alkynylaryl group which comprises 1-15 carbon atoms and optionally includes one or more
heteroatoms in its carbon skeleton.

[047] The term "heteroatom” as used herein generally means any atom other than carbon or
hydrogen. Preferred heteroatoms include oxygen (Q), phosphorus (P), sulfur (S), nitrogen (N),
and halogens, and preferred heteroatom functional groups are haloformyl, hydroxyl, aldehyde,
amine, azo, carboxyl, cyanyl, thocyanyl, carbonyl, halo, hydroperoxyl, imine, aldimine,
isocyanide, isocyanate, nitrate, nitrile, nitrite, nitro, nitroso, phosphate, phosphono, sulfide,
sulfonyl, sulfo, and sulthydryl.

[048] The term "alkyl," by itself or as part of another substituent, means, unless otherwise
stated, a straight or branched chain, or cyclic hydrocarbon radical, or combination thereof, which
is fully saturated, having the number of carbon atoms designated (i.e. C,.s means one to eight
carbons). Examples of alkyl groups include methyl, ethyl, n-propyl, isopropyl, n-butyl, t-butyl,
isobutyl, sec-butyl, cyclohexyl, (cyclohexyl)methyl, cyclopropylmethyl, homologs and isomers
of, for example, n-pentyl, n-hexyl, n-heptyl, n-octyl and the like.

[049] The term "alkenyl", by itself or as part of another substituent, means a straight or
branched chain, or cyclic hydrocarbon radical, or combination thereof, which may be mono- or
polyunsaturated, having the number of carbon atoms designated (i.e. C,.5 means two to eight
carbons) and one or more double bonds. Examples of alkenyl groups include vinyl, 2-propenyl,
crotyl, 2-isopentenyl, 2-(butadienyl), 2,4-pentadienyl, 3-(1,4-pentadienyl) and higher homologs
and isomers thereof.

[050] The term "alkynyl", by itself or as part of another substituent, means a straight or
branched chain hydrocarbon radical, or combination thereof, which may be mono- or

polyunsaturated, having the number of carbon atoms designated (i.e. C,.5 means two to eight

10



WO 2018/089951 PCT/US2017/061412

carbons) and one or more triple bonds. Examples of alkynyl groups include ethynyl, 1- and 3-
propynyl, 3-butynyl and higher homologs and isomers thereof.

[051] The term "alkylene" by itself or as part of another substituent means a divalent radical
derived from alkyl, as exemplified by -CH,-CH,-CH,-CH,-. Typically, an alkyl (or alkylene)
group will have from 1 to 24 carbon atoms, with those groups having 10 or fewer carbon atoms
being preferred in the invention. A "lower alkyl" or "lower alkylene" is a shorter chain alkyl or
alkylene group, generally having eight or fewer carbon atoms.

[052] The terms "alkoxy," "alkylamino" and "alkylthio" (or thioalkoxy) are used in their
conventional sense, and refer to those alkyl groups attached to the remainder of the molecule via
an oxygen atom, an amino group, or a sulfur atom, respectively. Similarly, e.g. “haloalkoxy”
refers to a haloalkyl group attached to the remainder of the molecule via an oxygen atom.

[053] The term "heteroalkyl," by itself or in combination with another term, means, unless
otherwise stated, a stable straight or branched chain, or cyclic hydrocarbon radical, or
combinations thereof, consisting of the stated number of carbon atoms and from one to three
heteroatoms selected from the group consisting of O, N, P, Si and S, wherein the nitrogen,
sulfur, and phosphorous atoms may optionally be oxidized and the nitrogen heteroatom may
optionally be quaternized. The heteroatom(s) O, N, P and S may be placed at any interior
position of the heteroalkyl group. The heteroatom Si may be placed at any position of the
heteroalkyl group, including the position at which the alkyl group is attached to the remainder of
the molecule. Examples include -CH,-CH,-O-CH3, -CH»-CH,-NH-CH3, -CH,-CH,-N(CH3)-
CH3;, -CH,-S-CH,-CH3, -CH»-CH,,-S(0O)-CH3, -CH,-CH,»-S(0),-CHj3, -CH=CH-O-CH3, -
Si(CH3)3, -CH,-CH=N-OCHj3, and -CH=CH-N(CH3)-CH3;. Up to two heteroatoms may be
consecutive, such as, for example, -CH>-NH-OCH3 and -CH,-O-Si(CHj3)s.

[054] Similarly, the term "heteroalkylene,” by itself or as part of another substituent means a
divalent radical derived from heteroalkyl, as exemplified by -CH,-CH,-S-CH,-CH,- and -CHo-
S-CH;-CH,-NH-CH3-. For heteroalkylene groups, heteroatoms can also occupy either or both of
the chain termini (e.g., alkyleneoxy, alkylenedioxy, alkyleneamino, alkylenediamino, and the
like). Still further, for alkylene and heteroalkylene linking groups, no orientation of the linking
group is implied.

[055] The terms "cycloalkyl” and "heterocycloalkyl”, by themselves or in combination with
other terms, represent, unless otherwise stated, cyclic versions of "alkyl" and "heteroalkyl",
respectively. Accordingly, a cycloalkyl group has the number of carbon atoms designated (i.e.,
C;.3 means three to eight carbons) and may also have one or two double bonds. A

heterocycloalkyl group consists of the number of carbon atoms designated and from one to three
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heteroatoms selected from the group consisting of O, N, Si and S, and wherein the nitrogen and
sulfur atoms may optionally be oxidized and the nitrogen heteroatom may optionally be
quaternized. Additionally, for heterocycloalkyl, a heteroatom can occupy the position at which
the heterocycle is attached to the remainder of the molecule. Examples of cycloalkyl include
cyclopentyl, cyclohexyl, 1-cyclohexenyl, 3-cyclohexenyl, cycloheptyl, and the like. Examples of
heterocycloalkyl include 1-(1,2,5,6-tetrahydropyrid- yl), 1-piperidinyl, 2-piperidinyl, 3-
piperidinyl, 4-morpholinyl, 3-morpholinyl, tetrahydrofuran-2-yl, tetrahydrofuran-3-yl,
tetrahydrothien-2-yl, tetrahydrothien-3-yl, 1-piperazinyl, 2-piperazinyl, and the like.

[056] The terms "halo" and "halogen," by themselves or as part of another substituent, mean,
unless otherwise stated, a fluorine, chlorine, bromine, or iodine atom. Additionally, terms such
as "haloalkyl," are meant to include alkyl substituted with halogen atoms, which can be the same
or different, in a number ranging from one to (2m'+1), where m' is the total number of carbon
atoms in the alkyl group. For example, the term " C;_shaloalkyl” is meant to include
trifluoromethyl, 2,2,2-trifluoroethyl, 4-chlorobutyl, 3-bromopropyl, and the like. Thus, the term
"haloalkyl" includes monohaloalkyl (alkyl substituted with one halogen atom) and polyhaloalkyl
(alkyl substituted with halogen atoms in a number ranging from two to (2m'+1) halogen atoms,
where m' is the total number of carbon atoms in the alkyl group). The term "perhaloalkyl”
means, unless otherwise stated, alkyl substituted with (2m'+1) halogen atoms, where m' is the
total number of carbon atoms in the alkyl group. For example the term " C;_4perhaloalkyl” is
meant to include trifluoromethyl, pentachloroethyl, 1,1,1-trifluoro-2-bromo-2-chloroethyl and
the like.

[057] The term "acyl" refers to those groups derived from an organic acid by removal of the
hydroxy portion of the acid. Accordingly, acyl is meant to include, for example, acetyl,
propionyl, butyryl, decanoyl, pivaloyl, benzoyl and the like.

[058] The term "aryl" means, unless otherwise stated, a polyunsaturated, typically aromatic,
hydrocarbon substituent which can be a single ring or multiple rings (up to three rings) which
are fused together or linked covalently. Non-limiting examples of aryl groups include phenyl, 1-
naphthyl, 2-naphthyl, 4-biphenyl and 1,2,3,4-tetrahydronaphthalene.

[059] The term heteroaryl," refers to aryl groups (or rings) that contain from zero to four
heteroatoms selected from N, O, and S, wherein the nitrogen and sulfur atoms are optionally
oxidized and the nitrogen heteroatom are optionally quaternized. A heteroaryl group can be
attached to the remainder of the molecule through a heteroatom. Non-limiting examples of
heteroaryl groups include 1-pyrrolyl, 2-pyrrolyl, 3-pyrrolyl, 3-pyrazolyl, 2-imidazolyl, 4-
imidazolyl, pyrazinyl, 2-oxazolyl, 4-oxazolyl, 2-phenyl-4-oxazolyl, 5-oxazolyl, 3-isoxazolyl, 4-
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isoxazolyl, 5-isoxazolyl, 2-thiazolyl, 4-thiazolyl, 5-thiazolyl, 2-furyl, 3-furyl, 2-thienyl, 3-
thienyl, 2-pyridyl, 3-pyridyl, 4-pyridyl, 2-pyrimidyl, 4-pyrimidyl, 5-benzothiazolyl, purinyl, 2-
benzimidazolyl, 5-indolyl, 1-isoquinolyl, 5-isoquinolyl, 2-quinoxalinyl, 5-quinoxalinyl, 3-
quinolyl and 6-quinolyl.

[060] For brevity, the term "aryl" when used in combination with other terms (e.g., aryloxy,
arylthioxy, arylalkyl) includes both aryl and heteroaryl rings as defined above. Thus, the term
"arylalkyl" is meant to include those radicals in which an aryl group is attached to an alkyl group
(e.g., benzyl, phenethyl, pyridylmethyl and the like) including those alkyl groups in which a
carbon atom (e.g., a methylene group) has been replaced by, for example, an oxygen atom (e.g.,
phenoxymethyl, 2-pyridyloxymethyl, 3-(1-naphthyloxy)propyl, and the like).

[061] Each of the above terms (e.g., "alkyl," "heteroalkyl,” "aryl" and "heteroaryl") is meant to
include both substituted and unsubstituted forms of the indicated radical. Preferred substituents
for each type of radical are provided below.

[062] Substituents for the alkyl and heteroalkyl radicals (as well as those groups referred to as
alkylene, alkenyl, heteroalkylene, heteroalkenyl, alkynyl, cycloalkyl, heterocycloalkyl,
cycloalkenyl and heterocycloalkenyl) can be a variety of groups selected from: -OR', =0, =NR/,
=N-OR/, -NR'R", -SR’, halogen, -SiR'R"R"", -OC(O)R’, -C(O)R', -CO,R’, -CONR'R", -
OC(O)NR'R", -NR"C(O)R', -NR'-C(O)NR"R", -NR'-SO,NR", -NR"CO,R', -NH-C(NH,)=NH,
-NR'C(NH,)=NH, -NH-C(NH,)=NR', -S(O)R’", -SO;R’, -SO,NR'R", -NR"SO:R, -CN and -NO,,
in a number ranging from zero to three, with those groups having zero, one or two substituents
being particularly preferred. R', R" and R™ each independently refer to hydrogen, unsubstituted
C.s alkyl and heteroalkyl, unsubstituted aryl, aryl substituted with one to three halogens,
unsubstituted alkyl, alkoxy or thioalkoxy groups, or aryl-C,4 alkyl groups. When R' and R" are
attached to the same nitrogen atom, they can be combined with the nitrogen atom to form a 5-,
6- or 7-membered ring. For example, -NR'R" is meant to include 1-pyrrolidinyl and 4-
morpholinyl. Typically, an alkyl or heteroalkyl group will have from zero to three substituents,
with those groups having two or fewer substituents being preferred in the invention. More
preferably, an alkyl or heteroalkyl radical will be unsubstituted or monosubstituted. Most
preferably, an alkyl or heteroalkyl radical will be unsubstituted. From the above discussion of
substituents, one of skill in the art will understand that the term "alkyl" is meant to include
groups such as trihaloalkyl (e.g., -CF; and -CH,CFj3).

[063] Preferred substituents for the alkyl and heteroalkyl radicals are selected from: -OR’, =0,
-NR'R", -SR', halogen, -SiR'R"R", -OC(O)R', -C(O)R', -CO;R', -CONR'R", -OC(O)NR'R", -
NR"C(O)R', -NR"CO,R', -NR'-SO,NR"R", -S(O)R’, -SO2R', -SO,NR'R", -NR"SO:R, -CN and
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-NO,, where R' and R" are as defined above. Further preferred substituents are selected from: -
OR', =0, -NR'R", halogen, -OC(O)R', -CO5R', -CONR'R", -OC(O)NR'R", -NR"C(O)R, -
NR"CO,R', -NR'-SO,NR"R", -SO,R’, -SO,NR'R", -NR"SO;R, -CN and -NO..

[064] Similarly, substituents for the aryl and heteroaryl groups are varied and selected from:
halogen, -OR', -OC(O)R', -NR'R", -SR', -R', -CN, -NO,, -CO,R’, -CONR'R", -C(O)R, -
OC(O)NR'R", -NR"C(O)R', -NR"CO2R', -NR'-C(O)NR"R", -NR'-SO,NR"R"', -NH-
C(NH2)=NH, -NR'C(NH,)=NH, -NH-C(NH»)=NR', -S(O)R’", -SO,R’, -SO,NR'R", -NR"SOR, -
N3, -CH(Ph),, C; 4 perfluoroalkoxy and C; 4 perfluoroalkyl, in a number ranging from zero to the
total number of open valences on the aromatic ring system; and where R', R" and R'" are
independently selected from hydrogen, C;_g alkyl and heteroalkyl, unsubstituted aryl and
heteroaryl, (unsubstituted aryl)-C;.4 alkyl and (unsubstituted aryl)oxy-C;4 alkyl. When the aryl
group is 1,2,3,4-tetrahydronaphthalene, it may be substituted with a substituted or unsubstituted
Cs.7 spirocycloalkyl group. The Cs_7 spirocycloalkyl group may be substituted in the same
manner as defined herein for "cycloalkyl". Typically, an aryl or heteroaryl group will have from
zero to three substituents, with those groups having two or fewer substituents being preferred in
the invention. In one embodiment of the invention, an aryl or heteroaryl group will be
unsubstituted or monosubstituted. In another embodiment, an aryl or heteroaryl group will be
unsubstituted.

[065] Preferred substituents for aryl and heteroaryl groups are selected from: halogen, -OR’, -
OC(O)R', -NR'R", -SR', -R', -CN, -NO,, -CO,R’, -CONR'R", -C(O)R',-OC(O)NR'R", -
NR"C(O)R’, -S(O)R’, -SOzR', -SO,NR'R", -NR"SO;R, -N3, -CH(Ph),, C,_4 perfluoroalkoxy and
C 14 perfluoroalkyl, where R' and R" are as defined above. Further preferred substituents are
selected from: halogen, -OR’, -OC(O)R’, -NR'R", -R’, -CN, -NO,, -CO,R', -CONR'R", -
NR"C(O)R, -SOzR', -SO,NR'R", -NR"SO;R, C;_4 perfluoroalkoxy and C;.4 perfluoroalkyl.
[066] The substituent -CO,H, as used herein, includes bioisosteric replacements therefore; see,
e.g., The Practice of Medicinal Chemistry; Wermuth, C. G., Ed.; Academic Press: New York,
1996; p. 203.

[067] Two of the substituents on adjacent atoms of the aryl or heteroaryl ring may optionally
be replaced with a substituent of the formula -T-C(O)-(CH,)q-U-, wherein T and U are
independently -NH-, -O-, -CH:- or a single bond, and q is an integer of from O to 2.
Alternatively, two of the substituents on adjacent atoms of the aryl or heteroaryl ring may
optionally be replaced with a substituent of the formula -A-(CH2)r-B-, wherein A and B are
independently -CH;-, -O-, -NH-, -S-, -S(O)-, -S(O),-, -S(O),NR'- or a single bond, and r is an

integer of from 1 to 3. One of the single bonds of the new ring so formed may optionally be
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replaced with a double bond. Alternatively, two of the substituents on adjacent atoms of the aryl
or heteroaryl ring may optionally be replaced with a substituent of the formula -(CH»)s-X-
(CHo)t- -, where s and t are independently integers of from O to 3, and X is -O-, -NR'-, -S-, -
S(0)-, -S(0),-, or -S(0),;NR'-. The substituent R' in -NR'- and -S(O),NR'- is selected from
hydrogen or unsubstituted C, ¢ alkyl.

[068] Preferred substituents are disclosed herein and exemplified in the tables, structures,
examples, and claims, and may be applied across different compounds of the invention, i.e.
substituents of any given compound may be combinatorially used with other compounds.

[069] In particular embodiments applicable substituents are independently substituted or
unsubstituted heteroatom, substituted or unsubstituted, optionally heteroatom C;_¢ alkyl,
substituted or unsubstituted, optionally heteroatom C, ¢ alkenyl, substituted or unsubstituted,
optionally heteroatom C,¢ alkynyl, or substituted or unsubstituted, optionally heteroatom Ce 14
aryl, wherein each heteroatom is independently oxygen, phosphorus, sulfur or nitrogen.

[070] In more particular embodiments, applicable substituents are independently aldehyde,
aldimine, alkanoyloxy, alkoxy, alkoxycarbonyl, alkyloxy, alkyl, amine, azo, halogens,
carbamoyl, carbonyl, carboxamido, carboxyl, cyanyl, ester, halo, haloformyl, hydroperoxyl,
hydroxyl, imine, isocyanide, isocyanate, N-tert-butoxycarbonyl, nitrate, nitrile, nitrite, nitro,
nitroso, phosphate, phosphono, sulfide, sulfonyl, sulfo, sulthydryl, thiol, thiocyanyl,
trifluoromethyl or trifluromethyl ether (OCFs).

[071] The term “peptide” as used herein refers to at least two amino acids joined by peptide
bonds. A “polypeptide” refers to a short sequence of amino acids (Iess than 50), where the
amino acids are connected to each other by peptide bonds. A peptide or polypeptide may occur
free or bound to another moiety, such as a macromolecule, lipid, oligo- or polysaccharide,
and/or a polypeptide. Where a peptide is incorporated into a polypeptide chain, the term
“peptide” may still be used to refer specifically to the short sequence of amino acids. A peptide
or polypeptide may be connected to another moiety by way of a peptide bond or some other type
of linkage. A polypeptide is more than two amino acids in length and generally less than about

25 amino acids in length. The terms “peptide” and “oligopeptide” may be used interchangeably.

[072] “Protein” generally refers to the sequence of amino acids comprising a polypeptide
chain and that is greater than 50 amino acids in length. Protein may also refer to a three
dimensional structure of the polypeptide. “Denatured protein” refers to a partially denatured
polypeptide, having some residual three dimensional structure or, alternatively, to an essentially
random three dimensional structure, i.e., totally denatured. The invention encompasses reagents

of, and methods using, polypeptide variants, e.g., involving glycosylation, phosphorylation,
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sulfation, disulfide bond formation, deamidation, isomerization, cleavage points in signal or
leader sequence processing, covalent and non-covalently bound cofactors, oxidized variants, and
the like. The formation of disulfide linked proteins is described (see, e.g., Woycechowsky and
Raines (2000) Curr. Opin. Chem. Biol. 4:533-539; Creighton, et al. (1995) Trends Biotechnol.
13:18-23).

[073] The term “antibody” as used herein refers to a peptide or polypeptide derived from,
modeled after or substantially encoded by an immunoglobulin gene or immunoglobulin genes,
or fragments thereof, capable of specifically binding an antigen or epitope. See, e.g.,
Fundamental Immunology, 3rd Edition, W.E. Paul, ed., Raven Press, N.Y. (1993); Wilson
(1994; J. Immunol. Methods 175:267-273; Yarmush (1992) J. Biochem. Biophys. Methods
25:85-97. The term antibody includes antigen-binding portions, i.e., "antigen binding sites,"
(e.g., fragments, subsequences, complementarity determining regions (CDRs)) that retain
capacity to bind antigen, including (i) a Fab fragment, a monovalent fragment consisting of the
VL, VH, CL and CH1 domains; (ii) a F(ab")2 fragment, a bivalent fragment comprising two Fab
fragments linked by a disulfide bridge at the hinge region; (iii) a Fd fragment consisting of the
VH and CH1 domains; (iv) a Fv fragment consisting of the VL. and VH domains of a single arm
of an antibody, (v) a dAb fragment (Ward et al., (1989) Nature 341:544-546), which consists of
a VH domain; and (vi) an isolated complementarity determining region (CDR). Single chain

antibodies are also included by reference in the term "antibody."

[074] The term “cytokine” as used herein means any secreted polypeptide that affects the
functions of cells and is a molecule which modulates interactions between cells in the immune,
inflammatory or hematopoietic response. A cytokine includes, but is not limited to, monokines
and lymphokines regardless of which cells produce them. Examples of cytokines include, but are
not limited to, Interleukin-1 (IL-1), Interleukin-6 (IL-6), Interleukin-8 (IL-8), Tumor Necrosis
Factor-alpha (TNF-a) and Tumor Necrosis Factor-beta (TNF-b).

[075] The term "receptor” as used herein refers to a molecule, typically composed primarily of
protein, that binds to a cognate ligand and that is associated, or derived from, a cell, and usually
one or more types of cellular membranes, and has as its main biological function the ability to
bind a specific ligand or group of ligands, and, upon ligand binding, to mediate signal
transduction, either directly or indirectly, in the cell. One type of receptor has three portions or
domains, namely, an intracellular domain, an extracellular domain, and a transmembrane
domain. In addition, the receptor typically has a sequence of about 5-25 amino acids at its amino
terminus that serve to target the receptor to the proper membrane. These domains will vary in

size and in function from receptor to receptor. Typically, the extracellular domain binds to one
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or more ligands, the transmembrane domain anchors the receptor into the membrane, and the
intracellular domain perceives the binding of ligand and transmits a signal to the interior of the
cell (the intracellular environment).

[076] The term “chemokine” as used herein refers to a member of one of 4 different structural
families, comprising over 50 ligands that interact with at least 17 different receptors These
chemokine families, named according to the structure of a conserved cysteine-containing motif,
are defined by the presence of either a C, a CC, a CXC, or a C'C at their amino terminus of the
protein.The term “amino acid peptide”, e.g. as used in describing compounds of formula II
(including a compound of formula IIa) refers to the bonds within a protein or polypeptide,
wherein the thioether containing substrate includes an amino acid peptide, e.g. is part of an
amino acid residue of a polypeptide or protein, in a preferred embodiment, the thioether is
within a methionine residue of a polypeptide or protein. As such, the substrate R4-S-Rs
represents e.g. a thioether wherein R4 and Rs are alkyl groups, and the alkyl group of Rs is
substituted at one carbon with both the -NHC(O)R, and -C(O)NHR’ groups within a polypeptide
or protein (e.g. where R is an additional peptide chain or a carboxyl terminus OH and R’ is an
additional peptide chain or an amino terminus H). As such, an alkyl group, e.g. of Rs,

substituted with an amino acid peptide can be represented as
-(atkyl)

S/

O (alkyl)

R N R'
H
O

or in the preferred embodiment where the substrate R4-S-Rs represent a methionine residue

within a protein or polypeptide, can be represented as

o

It is also understood that the substrate may comprise a polypeptide or protein that has additional

17



WO 2018/089951 PCT/US2017/061412

modifications, or may have additional methionine residues that can be reacted by the methods of
the present invention as described herein.

[077] An “active moiety” is a payload molecule as described in the present invention, wherein
said moiety conjugated to e.g. a protein or polypeptide provides some activity. The activity of
the moiety includes, but is not limited to, a biological activity (e.g. a pharmaceutically active
moiety, such as a small molecule pharmaceutical or a biomolecule, such as DNA, RNA, lipid or
sugar), a detectable label (e.g. fluorophore, imaging label or the like), a property modifying
moiety (e.g. PEGylation moiety), a sulfhydryl-specific functional moiety such as a maleimide,
alkyl or aryl halide, a-haloacyl, or pyridyl disulfides, an amine-specific functional moiety such
as a carbodiimide, a non-selective reactive moiety such as a photoaffinity group, an arginine-
specific functional moiety such as a glyoxal, etc.

[078] The term “click chemistry” or “click reaction” refers to well-known, selective methods
of conjugation, wherein two components comprising a click reactive functional group are
reacted to link the two components. For example, for the sulfimide modified peptides,
polypeptides or proteins as described herein, the modified group further comprises a first click
reactive functional group, and the payload molecule is suitably modified to comprise a second
click reactive functional group, which is reactive with the first click reactive functional group.
The click reactive functional group includes, without limitation, an azide group, a nitrone group
or an alkyne group. In some embodiments click chemistry comprises reaction of an azide group
with an alkyne group to form a triazole group linking the two components, or the reaction of a
nitrone group with an alkyne group to form an isoxazoline group linking the two components.
In some embodiments, the alkyne group is a dibenzocyclooctyne (DBCO) group or a
difluorooctyne (DIFO) group. In some embodiments, the click chemistry is Copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC), strain-promoted azide-alkyne cycloaddition
(SPAAC) or strain-promoted alkyne-nitrone cycloaddition (SPANC). See also Jewett, John C.
and Bertozzi, Carolyn, R., Cu-free click cycloaddition reactions in chemical biology. Chem Soc
Rev. 39(4), 1272-1279 (2010); Agard et al., A Comparative Study of Bioorthogonal Reactions
with Azides. ACS Chem. Biol., 1(10), 644-648 (2006); MacKenzie et al., Strain-promoted
cycloadditions involving nitrones and alkynes — rapid tunable reactions for biorthogonal
labeling. Current Opinion in Chemical Biology 21, 81-88 (2014), the disclosures of which are
hereby incorporated by reference in their entirety.

[079] Examples; Design:

[080] A variety of sulfur imidation reactions with methionine derivative S1 as a model

substrate were screened in 1:1 d-MeOD/D;0 solvent using 'H NMR analysis of substrate
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conversion and reaction selectivity between the desired N-transfer product (NTP, sulfimide) and
unwanted O-transfer product (OTP, sulfoxide) (Fig. 1B). A strain-driven sulfur imidation of
methionine using oxaziridine 1 (Ox1) as the sulfur imidation reagent afforded 95% conversion
of S1 within 2.5 min without additional catalyst with a NTP: OTP ratio of 5: 1 (Fig. 1B). From
this starting point, altering the linkage of the probe from carbamate to urea (Ox2) resulted in
enhanced selectivity (NTP: OTP = 12: 1) with comparable conversion, whereas further
substitution of the benzylic hydrogen of Ox2 with an electron withdrawing CF; group (Ox3)
resulted in much lower selectivity (NTP: OTP = 2: 1) and reaction conversion (58%).
Interestingly, a marked improvement in NTP: OTP selectivity from 6: 1 to 18: 1 was observed
by increasing the percentage of water in the solvent medium from 0% to 95% (Fig. 1B),
presaging the utility of this ligation reaction in biological environments.

[081] The reactivity of oxaziridine probes with other biologically relevant amino acid
competitors was evaluated. In all cases, no conjugation products were observed with any of the
other amino acids tested and only methionine gives a ligated product with the ReACT reagent.
As a further demonstration of the high selectivity of ReACT for methionine conjugation, sites of
probe labeling within a whole proteome were identified using LC-MS/MS analysis. HeLa cell
lysates were treated with Ox4, trypsin digested, and then analyzed by LC-MS/MS for probe
modification on all nucleophilic amino acids using the X!Tandem program®. Labeling of 235
methionine residues and a single lysine residue were found, with no other modifications detected
on cysteine side chains or other nucleophilic amino acids (Fig. 1C). These experiments
demonstrate fast kinetics of the ReACT strategy as well as near perfect selectivity for
methionine residues from the single protein to whole proteome level under mild biocompatible
conditions. Finally, the chemical stability of the sulfimide methionine conjugation product was
tested, finding that this linkage is resistant to acidic and basic conditions, elevated temperature,
as well as treatment with a strong protein disulfide reducing agent such as tris(2-
carboxyethyl)phophine (TCEP).

[082] Fig 1A Left panel: Acid-base conjugation strategies for cysteine-based protein
functionalization; Right panel: Redox-Activated Chemical Tagging (ReACT) strategies for
methionine-based protein functionalization. Oxaziridine (Ox) compounds serve as oxidant-
mediated reagents for direct functionalization by converting methionine to the corresponding
sulfimide conjugation product. (B) Model redox conjugation reaction with 25 uM of N-acetyl-L-
methionine methyl ester (S1) and 27.5 pM of various oxaziridine compounds as substrates in co-
solvent. (C) Number of unique redox conjugation carrying peptide on representative amino acid,

namely Met, Lys and Cys by labeling HeLa cell lysate with Ox4 at the final concentration of 1
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mM for 10 min. (D) Yield of conjugation reaction was performed with 15 uM of BSA carrying 4
methionine per protein and 100 uM Ox4 at indicated time point as measured by in-gel
fluorescence imaging.

[083] Application:

[084] 1. Precise addition of payloads to proteins

[085] ReACT as a method for site-selective methionine conjugation of proteins was evaluated.
Starting with bovine serum albumin (BSA) as a model protein using a two-step labeling
protocol, BSA was first treated with oxaziridine probe Ox4 bearing a bioorthogonal alkyne
group and then subsequently coupled to Cy3-azide through a copper-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction. The resulting redox conjugation yield to BSA was analyzed by
in-gel fluorescence imaging. ReACT proceeds rapidly and can be completed with a yield > 95%
within 1-2 min, with 50% of labeling occurring within the first 5 s following the addition of Ox4
to the protein under standard reaction conditions (Fig. 1D). This shows that the ReACT method
could enable installation of various payloads onto a protein of interest at defined methionine
sites, serving as a unique method for functionalization using naturally occurring amino acids
(Fig. 2A). The reactivity of various alkyne- and azide-containing oxaziridine probes with CaM
model protein was assessed (Fig. 2B). LC-MS results show that ReACT enables near
quantitative installation of these bioorthogonal handles on all 9 native methionine residues
within 10 min of labeling time at room temperature, with a 25: 1 selectivity over the only other
observed minor CaM product bearing 8 sulfimide modifications (NTP) and 1 sulfoxide
modification (OTP) (Fig. 2B).

[086] Fig 2A General two-step procedure for methionine-specific protein functionalization a
combination of ReACT and click reactions. Various payloads can be installed through
methionine conjugation at a directed position on a given protein. (B) Redox conjugation of a
CaM model protein (100 uM) with various oxaziridine (Ox) compounds (1 mM). The chemical
structures of oxaziridine probes are shown with molecular weight changes (AM) listed for the
corresponding modifications. The deconvoluted MS data of full protein peaks are plotted in the
same figure. For Ox2 labeled protein: expected mass 17,564 Da, found 17,565 Da; Ox4 labeled
protein: expected mass 17,654 Da, found 17,654 Da; OxS labeled protein: expected mass 18,050
Da, found 18,051 Da; Ox6 labeled protein: expected mass 18,059 Da, found 18,060 Da.

[087] Further functionalizations with biotin, fluorophore and polyethylene glycol (PEG)
payloads proceed smoothly. Fig 3. Chemical structures of Desthiobiotin-azide, Cy3-azide and
Dibenzocyclooctyl{ DBCO)-PEG (10 kDa). Ox4 labeled CaM proteins (40 uM) were reacted
with Desthiobiotin-azide (100 uM) (B) and Cy3-azide (100 uM) (C) using CuAAC reaction. The
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reactions were quenched by adding BCS (1 mM), desalted three times, and analyzed by protein
MS. The deconvoluted MS indicated conjugation of 1-3 biotin or Cy3 into Cam proteins using
ReACT-Click, and Ox6 labeled CaM proteins (40 uM) were reacted with indicated
concentration of DBCO-PEG (10 kDa) at room temperature for 8 h. The reactions were analyzed
by protein gel. The high methionine reactivity and specificity of ReACT coupled with the ready
availability of click reaction partners provides a straightforward method for precise protein
functionalization based on this naturally occurring amino acid.

[088] 2. Antibody-drug conjugates

[089] The synthesis of antibody-drug conjugates (ADCs), was studied using the anti-green
fluorescent protein antibody fragment (GFP-Fab) as a starting model. Although the Fab scaffold
possesses one native methionine residue on its light chain and two native methionine residues on
its heavy chain, none of these side chains are surface accessible and thus cannot be labeled by
ReACT, even with high oxaziridine probe loadings. As such, because these native methionines
are buried within the hydrophobic interior core, ReACT offers a potentially valuable strategy for
antibody bioconjugation as there is no background labeling of the wildtype antibody and
subsequent engineering of surface accessible methionine sites can enable precise antibody
functionalization at directed locations. Using the THIOMab platform,* this approach was
demonstrated by replacing heavy chain (HC)-A114 or light chain (LC)-V205 residues with
methionine, which showed efficient labeling with ReACT. In addition, the rapid, near-
quantitative, and site-specific C-terminal labeling with ReACT on a GFP-Fab bearing a C-
terminal methionine (GFP-Fab-CM) was demonstrated. Importantly, the resulting azide-carrying
GFP-Fab (GFP-Fab-Ns) retained similar binding affinity to the GFP ligand compared to the
wildtype Fab. Click reactions enable further functionalization of GFP-Fab-N; with biotin,
fluorophore and drug payloads. Moreover, the resulting conjugates are compatible with
biological environments. For example, an HEK-293T cell line with a doxycycline (Dox)
inducible cell surface GFP expression system was used, where Dox treatment results in
expression of GFP localized to the cell surface. Upon pre-addition of Dox followed by
incubation with Cy3-labeled GFP-Fab made by ReACT, excellent co-localization of Cy3 and
GFP signals in live HEK-293T cells was observed. In contrast, no Cy3 signal was observed in
control cells without Dox addition. Furthermore, the intensity of the Cy3 signal was found to be
stable for at least 14 days in the presence of 100% fetal bovine serum (FBS). Taken together,
these data demonstrate that ReACT can enable antibody functionalization at directed positions

with a wide variety of payloads and simultaneously retain their function for ligand binding.
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[090] ReACT was also applied to a therapeutic conjugate, Herceptin-Fab (Her-Fab). ReACT
does not label wildtype Her-Fab owing to its lack of surface accessible methionines. By
engineering Her-Fab platforms carrying one or two methionine residues at the C-terminus,
ReACT affords quantitative conjugation with one or two redox modifications, respectively. The
data establish that ReACT can enable synthesis of ADCs with a defined drug-to-antibody ratio
(DAR) in excellent purity, which remains a significant challenge for bioconjugation methods
employing cysteine or lysine ligation. Moreover, the bioorthogonal azide or alkyne handle
introduced by methionine conjugation can be readily functionalized with additional payloads.
Indeed, the ADC synthesized by linking monomethyl auristatin E (MMAE) to Her-Fab exhibits
a 5-fold increase in toxicity to Her2-positive BT474 breast cancer cells compared to either
wildtype Her-Fab or a mixture of wildtype Her-Fab and free MMAE, demonstrating its utility in
a biological context (See Lin et al., Redox-based reagents for chemoselective methionine
bioconjugation. Science 355, 597-602 (2017), the disclosure of which is hereby incorporated by
reference in its entirety).

[091] 3. Reactive methionine profiling

[092] ReACT may be used as a unique methionine-targeted warhead for chemoproteomics
applications, owing to its high specificity and reactivity, as well as its small size for accessing a
broad range of proteins. To this end, ReACT was applied to probe reactive methionines in the
proteome through tandem orthogonal proteolysis — activity based protein profiling (TOP-
ABPP).* Through dose-dependent treatment of cells with low, medium, and high levels of
ReACT probe Ox4, it was attempted to identify hyper-reactive methionines that should be
enriched with low-dose labeling along with less reactive methionine sites. By performing
parallel TOP-ABPP (n=2 for all three groups) in HeLa cell lysates, 116 (low dose), 458
(medium dose) and 1118 (high dose) peptides that carry the desired ReACT methionine
modification were identified.

[093] Of particular interest are the hyper-reactive methionine targets, as they can predict sites
of methionine-regulated protein function. This unbiased ReACT approach not only enables
characterization of previously studied redox-sensitive methionines in whole proteome settings,
but more importantly identifies new functional methionine sites. As a positive control, three
hyper-reactive methionines within actin were identified, including Met 44 and Met 46, whose
redox activities have been previously shown to play a central role in controlling actin
polymerization in living cells.”*>® With these data validating the ReACT method in hand, it was
attempted to identify and characterize new targets with methionine-dependent function. As one

representative example, three hyper-reactive methionine residues were found on enolase, a
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central enzyme in the ancient and conserved metabolic pathway of glycolysis,*® which is of
importance in regulating diseases such as cancer via the Warburg effect.”’ Included is a Met 169
residue that is highly conserved from yeast to mammals (corresponding to Met 171 on yeast
enolase 1). Met 169 is close to the enzyme active site and can be oxidized along with other
methionine residues in the mammalian protein upon oxidant treatment.

[094] To characterize the functional significance of this oxidation-sensitive methionine in
enolase in more detail, a yeast homolog for in vitro biochemistry studies was cloned and
purified. Treatment of the wildtype yeast enolase 1 with hypochlorite resulted in a decrease in
enzymatic activity with concomitant oxidation of methionine residues, including Met 171, on
the protein. A similar decrease in protein activity was observed upon oxidation of the M371L
mutant. In contrast, the activity of the M171L mutant was unaffected by oxidant treatment under
the same conditions, suggesting that this highly conserved residue is critical for redox regulation
of enolase function. Kinetics measurements of the wildtype and M171L mutants with and
without oxidant treatment reveal that both k., and K, are affected in the wildtype upon
oxidation, but that these values for the M171L mutant remain the same. To show the
physiological consequences of this methionine-based redox regulation at the cellular level, yeast
strains were generated with a double enolase 1 and enolase 2 knockout background48 and re-
introduced either wildtype enolase 1 or the M171L mutant. The strain carrying the M171L
mutation was found to be more resistant to oxidative stress-induced cell death compared to the
strain with wildtype enolase 1, establishing that this methionine residue indeed serves a
functional redox-active role in vivo.

[095] References include sulfur’s central role in biological processes (52-56), selective protein
conjugation methods based on cysteine and their applications (57-64), existing methionine
labeling methods with acid-base mechanism (65-67), and reviews on oxaziridine chemistry (68-
69).

[096] Detailed Methods

[097] ReACT labeling of protein and cell lysate. Protein samples (BSA, calmodulin and
Fab) were diluted to 1 mg/mL solution in PBS (pH=7.4). Samples were labeled with 1.1-10
equivalents of oxaziridine probe (100x stock in DMF). The ReACT labeling reactions were
performed at room temperature for 10 min with agitation and immediately quenched by
desalting twice with Bio- Spin Chromatography Columns (Bio-Rad). Labeled proteins were
subjected to SDS-PAGE and LC-MS analysis. Proteome samples in radio
immunoprecipitation assay buffer (RIPA) were labeled with the same protocol used for

model protein samples. Samples were subsequently quenched by protein precipitation with
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cold methanol. The pellets were washed twice with cold methanol, air dried and solubilized
with 2% SDS/PBS.

[098] Procedures for click reactions. Oxaziridine labeled protein or proteome samples
carrying alkyne handles at the concentration 1 mg/mL in PBS were labeled with the CuAAC
reaction. The reactions were performed by addition of 1 mM CuSOs4 (100x stock in water),
100 uM Tris(benzyltriazolylmethyl)amine (TBTA, 100x stock in DMSO), 100 uM azide-
PEGs-biotin or azide-Cy3 (100x stock in DMSO, Click Chemistry Tools) and 2 mM sodium
ascorbate (100x stock in water). The reactions were then agitated for 1 hour at room
temperature before quenching with 5 mM disodium bathocuproine disulfonate (BCS, 100x
stock in water). Protein samples carrying azide handles at the concentration 1 mg/mL in PBS
were labeled with dibenzocyclooctyne (DBCO) containing compounds using copper-free click
reaction. The reactions were performed by addition of 2-10 equivalents of DBCO-Biotin,
DBCO-Cy3, DBCO- PEG-10kDa or DBCO-MMAE and reacted for 8 hour at room
temperature before quenching by protein desalting.

[099] LC-MS analysis of protein modifications. Mass spectrometry measurements of
CaM and Her-Fab were obtained at QB3/Chemistry Mass Spectrometry Facility at the
University of California, Berkeley. CaM modifications were analyzed on a LTQ FT
mass spectrometer (Thermo Fisher Scientific) that was equipped with an electrospray
ionization (ESI) source. Protein samples were directly infused using ESI in the positive ion
mode in a solution (1:1 acetonitrile: water, 1% formic acid, V/V) at the rate of 5 uL./min. Data
acquisition was controlled using Xcalibur software (version 2.0.7, Thermo) and mass spectral
deconvolution was performed using ProMass software (version 2.5 SR-1, Novatia). Her-Fab
modifications were analyzed in the positive ion mode on a Synapt G2-Si mass spectrometer
that was equipped with an ionKey ESI source and C4 ionKey (150 pm inner diameter, 50
mm length, 300 A pore size, 1.7 pum particle size) and connected in line with an Acquity
M-class liquid chromatograph (Waters). Mass spectrometry measurements of GFP-Fab were
obtained at the University of California, San Francisco. GFP-Fab modifications were analyzed
in the positive ion mode on a Xevo G2-XS mass spectrometer equipped with a LockSpray
(ESD) source and Acquity Protein BEH C4 column (2.1 mm inner diameter, 50 mm length, 300
A pore size, 1.7 um particle size) connected in line with an Acquity I-class liquid
chromatograph (Waters). Mass spectral deconvolution was performed using the maximum
entropy (MaxEnt) algorithm in MassLynx software (version 4.1, Waters).

[0100] Reactive methionine profiling. HeLa cell lysates at the concentration 1 mg/mL in

RIPA buffer (1 mL each) were labeled with 10 uM (low dose, 200x stock in DMF), 50 uM
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(medium dose, 200x stock in DMF) or 250 uM (high dose, 200x stock in DMF) Ox4 probe.
Since the reaction was close to saturated with 250 uM probe by In-gel fluorescent imaging
assay, 250 uM was used as the high dose group; and since previous literature
applied 10 uM probe for the hyper-reactive cysteine profiling, 10 uM probe was used as the low
dose group.

[0101] The ReACT labeling reactions were performed at room temperature for 10 min
and quenched by desalting twice to remove free oxaziridine probes. The CuAAC reactions
were performed on the labeled protein with aforementioned method using 200 uM acid-
cleavable biotin azide probe (200x stock in DMSO).(40, 41) Samples were precipitated and
washed with cold methanol and dissolved in 250 puL of 2% SDS/PBS. The solutions were
diluted to 5 mL with 1% triton X-100/PBS. The solutions were then added with 2 mg of
streptavidin-coated magnetic beads (Promega Corporation) overnight at 4 °C with agitation.
The magnetic beads were washed with 1% triton X-100/PBS (5 mL), PBS (5 mL), 6 M urea (5
mL) and PBS (5 mL).

[0102] The washed beads were then reduced with 5 mM TCEP at 65 °C for 15 min and
alkylated with 10 mM iodoacetamide (IAA) at 37 °C for 30 min. On-beads trypsin (2 ug
each sample) digestion were performed at 37 °C for 16 hour. The beads were then pelleted
and washed with PBS (2 x 2mL), water (2 x 2mL). Modified peptides on the magnetic beads
were cleaved using 1% formic acid/water (2 x 500 pL) at room temperature for 30 min and
subsequently cleaved with 1% formic acid + 50% acetonitrile/water (2 x 500 pL) with
agitation for 30 min. The eluents were combined and concentrated with a vacuum
concentrator. Peptide samples were desalted by Pierce™ C18 Spin Columns (Thermo Fisher
Scientific) and kept at — 20 °C until analysis.

[0103] Determination of Kinetic rate constants for sulfur imidation. Rate constants k for
Ox2 was measured under pseudo first order conditions with a 5- to 40-fold excess of N-acetyl-
L-methionine in PBS buffer by following the exponential growth in UV absorbance of the
benzaldehyde at 250 nm over time under kinetics model of UV-vis (Agilent
Technologies). Stock solutions were prepared for Ox2 (200 uM) and N-acetyl-L-methionine
(1 mM, 2 mM, 4 mM, and 8 mM) in PBS buffer and kept at 25 °C with water bath. Mixing
equal volumes of the prepared stock solutions, corresponding to 5 to 40 equivalents of N-acetyl-
L-methionine. Spectra were recorded using the following instrumental parameters: 250 nM; 10
data points per second. The UV absorbance was monitored by UV-vis under kinetics model.
Data were fit to a single- exponential equation to get the observed rates k’ under indicated

concentration of N-acetyl-L- methionine. The observed rates k’ calculated from different
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concentration of N-acetyl-L- methionine were plotted against the concentration of N-acetyl-
L-methionine to obtain the rate constant k from the slope of the plot.

[0104] LC-MS/MS analysis of peptide modifications. Trypsin digested peptides were
analyzed by LC-MS/MS on a Thermo Scientific Q Exactive Orbitrap mass spectrometer in
conjunction with a Proxeon Easy-nLC II HPLC (Thermo Fisher Scientific) and Proxeon
nanospray source. The digested peptides were loaded a 100 micron x 25 mm Magic C18
100A 5U reverse phase trap where they were desalted online before being separated with a 75
micron x 150 mm Magic C18 200A 3U reverse phase column. Peptides were eluted using a
120 min gradient with a flow rate of 300 nL/min. An MS survey scan was obtained for the m/z
range of 300-1600; MS/MS spectra were acquired using a top 15 method, where the top 15 ions
in the MS spectra were subjected to High Energy Collisional Dissociation (HCD). An
isolation mass window of 1.6 m/z was used for the precursor ion selection, and normalized
collision energy of 27% was used for fragmentation. Five second duration was used for the
dynamic exclusion.

[0105] Peptide modification identification. Tandem mass spectra were extracted and
charge state deconvoluted by Proteome Discoverer (Thermo Fisher Scientific). All MS/MS
samples were analyzed using X! Tandem (The GPM, thegpm.org; version TORNADO
(2013.02.01.1)). X! Tandem was set up to search Uniprot Human database (version
11/14/2015, 140248 entries), the cRAP database of common laboratory contaminants
(www.thegpm.org/crap; 114 entries) plus an equal number of reverse protein sequences
assuming the digestion enzyme was trypsin. X! Tandem was searched with a fragment ion
mass tolerance of 20 PPM and a parent ion tolerance of 20 PPM. TAA derivative of cysteine
was specified in X! Tandem as a fixed modification. Modification of +197.0913 on
methionine and other nucleophilic amino acids was specified in X! Tandem as variable
modifications. Scaffold (version Scaffold_ 4.0.6.1, Proteome Software Inc.) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications were
accepted if they exceeded specific database search engine thresholds. X! Tandem
identifications required at least —Log (Expect Scores) scores of greater than 1.2 with a mass
accuracy of 5 ppm. Protein identifications were accepted if they contained at least 2
identified peptides. Using the parameters above, the Decoy False Discovery Rate (FDR) was
calculated to be 1.1% on the protein level and 0.0% on the spectrum level.(42) Proteins
that contained similar peptides and could not be differentiated based on MS/MS analysis alone

were grouped to satisfy the principles of parsimony.
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[0106] Colocalization experiments. Colocalization experiments were performed in live
HEK293T cells with inducible cell surface GFP expression system. HEK293T cells were
plated on poly- lysine coated chamber slides. Cells were induced to express GFP on the
cell surface with addition of 1 uM/mL Dox (1000 x stock in water) for 24 hour at the
confluency around 25%. The cells were then treated with 100 ng/mL GFP-Fab-Cy3 (100x
stock in PBS) for 1 hour. The labeled cells were washed with 10% FBS/DMEM (phenol red
free) twice and were imaged using a Zeiss laser scanning microscope 710 with a 63x oil-
immersion objective lens using Zen 2009 software (Carl Zeiss). Cy3 was excited using a 543
nm HeNe laser, and GFP was excited using a 488 nm Ar laser. The cells were imaged at 37 °C
throughout the course of the experiment. Image analysis and quantification was performed using
Imagel (National Institutes of Health).

[0107] In vitro ADC cytotoxicity assay. BT474 cells were plated into black-sided, clear-
bottom 96- well plates with 90 puL growth media per well. A 10x concentration working stock
of WT-Fab, WT-Fab + free drug and ADC were prepared, and then titrated as 5-fold
serial dilution to produce an 8-point dose response curves. Protein samples (10 pL) were
added to each well with the confluency around 50% in duplicate. Cells were further incubated
for 72 hours. Cytotoxicity was measured with One Solution Cell Proliferation MTS Assay
(Promega Corporation) following manufacturer’s instruction. Cell survival curves were
plotted with OriginPro (OriginLab Corporation).

[0108] Enolase activity assay. Enzymatic activity of WT Yeast ENO 1 and its variants
were measured with Synergy™ Mx Microplate Reader (BioTek). Protein samples (0.2 mg/mL)
in 50 mM tris-acetic acid buffer (pH=7.8) were treated with 100 pM NaClO at room
temperature for 1 hour in duplicate. The oxidation reactions were quenched by desalting
twice with Bio-Spin Chromatography Columns (Bio-Rad). The activity of protein samples
with or without oxidation treatment was measured by Enolase Activity Assay Kit (BioVision)
according to manufacturer’s instruction.

[0109] Yeast genome editing. S. cerevisiae strain BY4741 (201388; ATCC) was used as WT
strain for genome editing. Knock out and mutation strains were generated by CRISPR-Cas9-
mediated genome editing protocol as reported.(43) Briefly, for ENO2 knock out strain, yeast
competent cell (50 pL) was transformed with 1.0 ug pCAS plasmid and 2.0 pg linear repair
DNA using Frozen-EZ Yeast Transformation II™ Kit (Zymo Research) according to
manufacturer’s protocol. The transformed cells were plated onto YPG plates with antibiotics.

Cells were grown overnight at 37 °C and then another 48 h at 30 °C. The positive colonies
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ware confirmed by DNA sequencing. For ENO1-M171L (ENO2 null) strain, ENO2 knock out
strain (losing pCAS9 plasmid) was used as mother strain for subsequent enolase 1 mutation.
[0110] Yeast growth curve measurement. Yeast growth curve was measured with
Synergy™ Mx Microplate Reader (BioTek) with shaking at 30 °C using kinetics model.
Yeast strains were grown to stationary phase in yeast nitrogen base medium with synthetic
complete. Then the cells were diluted 1: 50 into fresh yeast nitrogen base medium with or
without treatment of 100 uM NaClO in duplicate. The absorbance at 600 nm was measured
every 30 min.

[0111] Protein expression and purification. GFP-Fabs production: GFP-Fabs were produced
using phage display methods and were constructed into a pSFV4 expression vector as
previously described.(44). Methionine point mutations were incorporated by site-directed
mutagenesis at heavy chain A114M, light chain V205M, and at the C-terminus of the light
chain directly after the interchain disulfide. Recombinant Fabs were produced in C43 (DE3)
Pro+ cells as previously described.(44) Briefly, cultures were grown to OD ~0.6 and induced
with 0.2 mM IPTG at 30 °C overnight. Fabs were purified by protein A chromatography and
buffer exchanged into PBS for subsequent storage and validation assays. For live cell
application, endotoxin in recombinant Fabs solutions were removed by High Capacity
Endotoxin Removal Spin Columns (Thermal Fisher Scientific).

[0112] Her-Fabs production: Light chain and heavy chain of Her-Fab were codon
optimized(45) and constructed into a pComb3XSS expression vector as previously
described.(46)

[0113] Methionine knock in mutations at the C-terminus of the light chain were incorporated
directly after the interchain disulfide. Recombinant Her-Fabs were produced and purified by
protein A chromatography as well. For ADC application, endotoxin in recombinant Fabs
solutions were removed by High Capacity Endotoxin Removal Spin Columns (Thermal Fisher
Scientific).

[0114] Yeast enolase 1 production: Yeast enolase 1 was amplified from yeast (S288C)
genomic DNA and inserted into a pET28a expression vector with a 6x His tag at the N-
terminus. Met 171 or 371 was converted to Leu using site-directed mutagenesis. The
recombinant proteins were expressed in BL21(DE3)pLysS (Invitrogen) strain and purified
according to previous papers.(47,48) The sequence alignment of enolase family proteins was
perform by the Clustal Omega program.(49)

[0115] Octet BioLayer Interferometry binding assay. The purified GFP-Fabs were diluted
with 0.05% tween 20 + 0.2% BSA/PBS to the concentration 300 nM. The Fab samples

28



WO 2018/089951 PCT/US2017/061412

were immobilized on anti-Fab sensors (ForteBio) that bind the CH1-region of human Fab. The
immobilized sensors were sampled with the serially diluted concentrations of recombinant GFP
ligand (BioVision) in the Octet RED 384 system. The obtained results were fitted according
to the protocol provided by the manufacturer.

[0116] Chemical synthesis of oxaziridine probes.
[0117] N-ethyl-3-phenyl-1,2-oxaziridine-2-carboxamide (Ox2)

©/CHO

To a solution of benzaldehyde (1.21 mL, 12 mmol) and 1-ethylurea (880 mg, 10 mmol) in THF
(20 mL) was added Ti(QiPr)s (3.2 mL, 11 mL) at r.t. After stirring overnight, the

1) Ti(OiPr),, THF, rt Q o
N j\ 2) mCPBA, stad. K,CO4/ DCM ©/<N—{
- - S . NHEt
H,N”~ “NHEt oy
0 Oox2

mixture was concentrated under vacuum to afford a residue. To a mixture solution of satd.
K2COs3 (30 mL) and DCM (30 mL) was added meta- chloroperoxybenzoic acid (mCPBA,
6.9 g, 76% purity, 30 mmol) at r.t. After stirring for 10 min, a solution of the above residue in
DCM (30 mL) was added slowly into the mixture at r.t. After stirring for another 6 h, water
(100 mL) was added and the mixture was extracted with DCM for three times. The combined
organic layer was then washed with brine, dried over Na>SOs, filtered and concentrated under
vacuum to give a residue, which was purified by column chromatography (DCM/Et20, 100 :
1) to afford the Ox2 as a white solid (802 mg, 42%). 'H NMR (400 MHz, CDCl3) § 7.52 —
7.37 (m, 5H), 6.14 (brs, 1H), 4.99 (s, 1H), 3.40 — 3.23 (m, 2H), 1.19 (t, ] = 7.3 Hz, 3H). 13C
NMR (101 MHz, CDCls) & 162.23, 132.48, 131.06, 128.69, 128.03, 79.42, 35.45, 14.79.
m/z HRMS (ESI) found [M+H]* 193.0972, CioH1302N2"* requires 193.0972.

[0118] Ethyl 3-phenyl-1,2-oxaziridine-2-carboxylate (Ox1)

o)
0
¢
OEt
Ox1

Ox1 was synthesized with the same procedure used in making Ox2 using ethyl carbamate in
place of 1-ethylurea in 20% yield. 'H NMR (400 MHz, CDCl3) & 7.52
—7.38 (m, 5H), 5.10 (s, 1H), 4.43 —4.24 (m, 2H), 1.36 (t, ] = 7.2 Hz, 3H). *C NMR (101
MHz, CDCl3) 6 162.23, 132.07, 131.26, 128.78, 128.06, 78.29, 64.78, 14.19. m/z HRMS (ESI)
found [M+H]* 216.0631, C10H1103NNa* requires 216.0631.

[0119] N-ethyl-3-phenyl-3-(trifluoromethyl)-1,2-oxaziridine-2-carboxamide (Ox3)

29



WO 2018/089951 PCT/US2017/061412

FiC

O

O
/
N
NHEt
Ox3 was synthesized with the same procedure used in making Ox2 using 2,2,2-trifluoro-1-
phenylethan-1-one in place of benzaldehyde in 10% yield. "H NMR (400 MHz, CDCl3) § 7.58
(d,J=7.6 Hz, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.42 (t, ] = 7.5 Hz, 2H), 5.82 (brs, 1H), 3.07 -
2.93 (m, 1H), 2.93 — 2.80 (m, 1H), 0.62 (t, ] = 7.2 Hz, 3H). >C NMR (101 MHz, CDCl3) &
157.78, 131.51, 128.57, 128.25, 124.91, 120.90 (q, J = 281.4 Hz), 82.29 (q, J = 38.7 Hz),
35.10, 14.13. F NMR (376 MHz, CDCl3) & -76.82. m/z HRMS (ESI) found [M+H]* 261.0846,
C11H1202N2F3* requires 261.0845.
[0120] 3-Phenyl-N-(prop-2-yn-1-yl)-1,2-oxaziridine-2-carboxamide (Ox4)

1) KOCN, 1 N HCI, 60 °C 0

NH "
///\ 2 2)silical gel, MeOH, rit. /\”J\NHZ

71%
° 4a

To a solution of propargylamine (3.2 mL, 50 mmol) in aqueous HCI soulution (1.0 N, 50
mL) was added KOCN (16 g, 200 mmol) at r.t. After stirring overnight at 60 °C, the
mixture was cooled to 0 °C to give a white precipitate. After filtration, the solid was dissolved
in MeOH (150 ml) and stirred with silica gel (25 g) for 6 h. The mixture was then filtered
and concentrated under vacuum to give the desired urea 4a as a white solid (3.5 g, 71%)
without further purification. 'H NMR (400 MHz, MeOD) & 3.88 (d, J = 2.5 Hz, 2H), 2.54 (t,
J =2.5 Hz, 1H). 3C NMR (126 MHz, MeOD) § 161.55, 81.63, 71.80, 30.18. m/z HRMS
(ESI) found [M+H]* 99.0552, C4H7N20" requires 99.0553.

o 0
: f<NJ<
HN
\

Ox4
Ox4 was synthesized with the same procedure used in making Ox2 using 4a as substrate in
place of 1-ethylurea in 21% yield. 'H NMR (400 MHz, CDCls3) & 7.52 — 7.35 (m, 5H), 6.26 (s,
1H), 5.04 (s, 1H), 4.09 (dt, J = 5.4, 2.7 Hz, 2H), 2.31 (t, ] = 2.6 Hz, 1H). *C NMR (101 MHz,
CDCl) & 162.05, 132.08, 131.14, 128.68, 128.02, 79.44, 78.42, 72.54, 30.21. m/z HRMS
(ESD found [M+H]" 203.0813,
C11H11N202" requires 203.0815.
[0121] 3-Phenyl-N-(2-(prop-2-yn-1-yloxy)ethyl)-1,2-oxaziridine-2-carboxamide (Ox5)
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1) KOCN, 1 N HCI, 60 °C

NH ilical gel, MeOH, rt. N._NH
///\O/\/ 2 2) silical gel, MeOH, r.t /\O/\/ \ﬂ/ 2

71% (0]
ba 5b

The amine 5a was synthesized according literature.(50) To a solution of amine 5a (1.9 g, 18.8
mmol) in aqueous HCI soulution (1.0 N, 19 mL) was added KOCN (7.6 g, 94 mmol) at r.t.
After stirring overnight at 60 °C, the mixture was cooled to 0 °C. The mixture was extracted
with ethyl acetate repeatedly until full extraction which was determined by TLC analysis. The
organic layer was dried over Na>SOq, filtered and concentrated under vacuum to give a
residue. To a solution of the residue in MeOH (50 mL) was added silica gel (10 g) at r.t.
After stirring for 6 h, the mixture was filtered and concentrated under vacuum to give the
desired urea Sb as an oil (1.9 g, 71%). '"H NMR (400 MHz, MeOD) § 4.19 (s, 2H), 3.58 (t, J =
5.4 Hz, 2H), 3.35 — 3.29 (m, 2H), 2.87 (s, 1H). *C NMR (126 MHz, CDCls) § 162.19, 80.53,
75.95, 70.15, 58.90, 40.70. m/z HRMS (ESI) found [M+H]* 143.0815, CsH11N202* requires
143.0815.

0]
\
N
H N0 _
Ox5

OxS5 was synthesized with the same procedure used in making Ox2 using Sb as substrate in
place of 1-ethylurea in 33% yield. 'H NMR (400 MHz, CDCl3) 6 7.48 — 7.32 (m, 5H), 5.00 (s,
1H), 4.15 (d, J = 2.4 Hz, 2H), 3.67 — 3.57 (m, 2H),

3.52 — 3.42 (m, 2H), 2.48 (t, ] = 2.5 Hz, 1H). °C NMR (101 MHz, CDCl3) § 162.44,
132.38, 131.01, 128.63, 127.98, 79.36, 79.30, 75.11, 68.08, 58.36, 40.14. m/z HRMS (ESI)
found [M+Na]* 269.0893, C13H14N203Na* requires 269.0897.

[0122] N-(3-azidopropyl)-3-phenyl-1,2-oxaziridine-2-carboxamide (Ox6)
1) KOCN, 1 N HCI, 60 °C

2) PhCHO, Ti(OiPr),, THF Q 4
H,N" " N;  3) mCPBA, satd. K,COs/ DCM @4 NNy
- H

22% N3

To a solution of amine (250 mg, 2.5 mmol) in 1 N HCI (3 mL) was added KOCN (810 mg, 10.0
mmol). After stirring for 18 h at 60 °C, the mixture was cooled to r.t. and extracted with DCM
until full extraction which was determined by TLC analysis. The combined organic layer was
dried over Na2SQy4, filtered and concentrated under vacuum to give the urea as a white solid. To

a solution of benzaldehyde (303 uL, 3.0 mmol) and the above urea in THF (10 mL) was added
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Ti(OiPr)4 (1.0 mL, 3.5 mmol) at r.t. After stirring for 4 h, the mixture was concentrated under
vacuum to afford a residue. To a mixture solution of satd. K2CQO3 (15 mL) and DCM (15 mL)
was added mCPBA (2.6 g, 55% purity, 7.5 mmol) at r.t. After stirring for 10 min, a solution of
the above residue in DCM (15 ml) was added slowly into the mixture at r.t. After stirring for
15 h, water (100 mL) was added and the mixture was extracted with DCM for three times. The
combined organic layer was then washed with brine, dried over Na2SOs4, filtered and
concentrated under vacuum to give a residue, which was purified by column chromatography
(DCM/Et20, 50 : 1) to afford the oxaziridine Ox6 as an oil (138 mg, 22%). 'H NMR (400
MHz, CDClz) & 7.52 — 7.31 (m, 5H), 6.46 (s, 1H), 4.99 (s, 1H), 3.41 — 3.25 (m, 4H), 1.85
— 1.73 (m, 2H). *C NMR (101 MHz, CDCl3)  162.50, 132.28, 131.06, 128.64, 127.94,
79.37, 49.06, 38.03, 28.55.

[0123] General procedure for coupling of methionine and oxaziridine

e : . o] NHEt
NHAc | 1:1 d-MeOD:D,O NHAC Y NHAc
*/\ " " */\ N * */\ ¢O
COOMe SMe }—NHEt rt. COOMe Sé COOMe ?
¢]
Ox2

| M
Me OTP e

NTP, S2
To a solution of methyl acetyl-L-methioninate (S1, 10.3 mg, 0.05 mmol) in d-MeOD/D20 (0.25
mL/0.25 mL) was added oxaziridine Ox2 (10.6 mg, 0.055 mmol) at r.t. The conversion and
ratio between NTP (S2) and OTP was monitored by 'H NMR. After 10 min, the solvents
were removed under vacuum to give a residue, which was purified by column chromatography
(DCM/MeOH, 5 : 1) to afford the S2 (13.2 mg, 91%) as an oil. 'H NMR (400 MHz, MeOD) §
4.55 (td, 1 =8.5, 4.9 Hz, 1H), 4.55 (td, ] = 8.5, 4.9 Hz, 1H), 3.14 (q, J = 7.2 Hz, 2H), 3.07 -
2.92 (m, 2H), 2.66 (s, 3H), 2.33 — 2.21 (m, 1H), 2.12 - 2.03 (m, 1H), 2.01 (s, 1.5H), 2.00 (s,
1.5H), 1.08 (t, J = 7.2 Hz, 3H). *C NMR (101 MHz, MeOD) & 173.45, 172.84, 168.47, 53.00,
52.82,52.47, 45.96, 45.74, 32.17, 31.97, 26.36, 26.28, 22.42, 22.38, 15.82. m/z HRMS (ESI)
found [M+H]* 292.1320, C1:H22N304S* requires 292.1326.
[0124] The stability of redox conjugation product-sulfimide
The stability of sulfimides were tested by treatment of sulfimides S2 with 5 mM TCEP or
treatment of sulfimides S3 with 1 N HCI, 1 N NaOH or 80 °C in co-solvent (d-MeOD/D20 =
1:1). The reactions were monitored by NMR after 1 h and 18 h and the reaction conversions
were calculated based on NMR data. Sulfimide S3 can be protonated under strong acidic
condition to its salt form 84, which is stable in aqueous solution.

[0125] N-ethylcarbamyl-S-methyl-S-phenyl sulfurimine (S3)
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'H NMR (500 MHz, MeOD) & 7.81 — 7.75 (m, 2H), 7.62 — 7.54 (m, 3H), 3.18 (q, ] =7.2,5.9
Hz, 2H), 2.86 (s, 3H), 1.10 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz, MeOD) § 168.01,
139.36, 133.01, 130.91, 126.97, 36.78, 35.44, 15.89. m/z HRMS (ESI) found [M+H]*
211.0987, C10H1sN20S* requires 211.0900.

'"H NMR (400 MHz, MeOD/D20) § 8.02 (d, J = 7.5 Hz, 2H), 7.84 (t, ] = 7.4 Hz, 1H), 7.75 (1, ]
=7.7Hz, 2H), 3.60 (s, 3H), 3.17 (g, J = 7.2 Hz, 2H), 1.08 (t, ] = 7.2 Hz, 3H).
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CLAIMS:
1. A method of chemoselective conjugation comprising reacting an N-transfer oxidant with a

thioether substrate in an aqueous environment to form a conjugation product.

2. The method of claim 1, wherein the N-transfer oxidant comprises a reactive oxaziridine

group, and the conjugation product comprises a resultant sulfimide.

3. The method of claim 2, wherein the N-transfer oxidant has the formula

O

\N—R1

R,
Ry

wherein R;-R; are independently selected from a heteroatom and optionally substituted,
optionally hetero-, optionally cyclic C;-C;s hydrocarbyl, and optionally covalently or non-

covalently joined to additional atoms or moieties.

4. The method of claim 3, wherein R; comprises a carboxyl or amide group bound to the
indicated N, and further comprises a functional group, which can be further reacted to form a

linker to a payload molecule.

5. The method of claim 3, wherein R, is -C(O)XRg, X is O or NH, and Rg is C;_¢ alkyl
optionally substituted with C, ¢ alkynyl, C, ¢ alkynyloxy, or -Ns.

6. The method of claim 3, wherein R; is H, halogen, C,_¢ alkyl, C,¢ haloalkyl, C,¢ alkoxy,
or C, haloalkoxy, and Rj3 is phenyl or heteroaryl, wherein phenyl or heteroaryl are optionally
substituted with one or more substituents independently selected from the group consisting of

halogen, C, ¢ alkyl, C;_¢ haloalkyl, C,¢ alkoxy, and C;¢ haloalkoxy.

7. The method of claim 3, wherein R; is -C(O)XRg, X is O or NH, and Ry is C; ¢ alkyl
optionally substituted with C6 alkynyl, C¢ alkynyloxy, or -N3; R» is H, C6 alkyl, or C; ¢
haloalkyl; and R5 is phenyl.

8. The method of one of claims 1-7, wherein the thioether substrate is a methionine.
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9. The method of claim 8, wherein the methionine is a residue in a peptide, polypeptide, or
protein.
10. The method of claim 9, wherein the protein is an enzyme, an antigenic protein, a

chemokine, a cytokine, a cellular receptor, a cellular receptor ligand, or an antibody or active

fragment thereof.

11. A method of claim 10, wherein the method comprises contacting a methionine-containing
peptide, polypeptide or protein with an oxaziridine in an aqueous environment, wherein the
oxaziridine directly functionalizes the peptide, polypeptide, or protein by converting at least one
methionine of the peptide, polypeptide, or protien to the corresponding sulfimide conjugation

product.

12. The method of any of claims 1-11 further comprising stable isotope labeling with amino acid

in cell culture (SILAC) or isotope coded affinity tag (ICAT).

13. A compound of formula I
o
~ N—R;
Rz
Rs I

wherein R; is -C(O)XRg, X is O or NH, and Rg is C4 alkyl substituted with C» ¢ alkynyl, Cs¢
alkynyloxy, or -Nj.

14. A compound of formula Illa

° \
MXWRB
/
P=2=N n
Ila
wherein P represents a polypeptide or protein linked to the indicated nitrogen via a sulfimide
bond with the sulfur of methionine, wherein the polypeptide or protein has n sulfimide modified

methionine residues, where n is 1-20; and X is O or NH; and Ry is C ¢ alkyl optionally

substituted with C, ¢ alkynyl, Cy¢ alkynyloxy, or -Nj.
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15. A peptide, polypeptide or protein conjugate of formula I[Va

A

0
>‘—X-—-—L--R9
P=%N

wherein P represents a polypeptide or protein linked to the indicated nitrogen via a sulfimide

n IVa

bond with the sulfur of methionine, wherein the polypeptide or protein has n sulfimide modified
methionine residues, where nis 1-20, X is O or NH, L is a linker moiety, and Ry is an active

moiety.

16. A peptide, polypeptide or protein conjugate of claim 15, wherein the active moiety is a
small molecule pharmaceutical, a DNA, an RNA, a lipid, a sugar, a polypeptide, a protein, a
detectable label, a poly(alkylene oxide) moiety, a sulthydryl-specific functional moiety, an
amine-specific functional moiety, a non-selective reactive moiety, or an arginine-specific

functional moiety.

17. A peptide, polypeptide or protein conjugate of claim 15 or 16, wherein P is an enzyme,
an antigenic protein, a chemokine, a cytokine, a cellular receptor, a cellular receptor ligand, or

an antibody or active fragment thereof.
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concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-11 and 13, drawn to a method of chemoselective conjugation comprising reacting an N-transfer oxidant with a
thioether substrate in an aqueous environment to form a conjugation product or the compound of formuia |

Group lI: Claims 14-17, drawn to a compound of formula llla or IVa

The inventions listed as Groups |- do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features

Group | does not require a compound of formula llia or IVa, as required by Group Il

Group Il does not require to a method of chemoselective conjugation comprising reacting an N-transfer oxidant with a thioether substrate
in an aqueous environment to form a conjugation product or the compound of formula |, as required by Group |

Shared Cornmon Features
There is no shared technical feature between groups | and |I.

Groups | and |l therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.
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Form PCT/ISA/210 (extra sheet) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - wo-search-report
	Page 46 - wo-search-report
	Page 47 - wo-search-report

