ABSTRACT

NIZAM, ZEINAB M. Metalfree BioconjugatiorDriven by Phosphorous Chemistry in lonic
Liquids and Fluoroalcohedssistedilkylation ReactiongUnder the direction of Profun Ohata).

Bioconjugationrepresentsa powerful tool to modifybiomolecules for applications in
therapeutics and diagnosticslowever, conventional bioconjugation strategies still rety
agueous mediayhereefficiency and selectivitgre limited these limitationgnainly arisefrom
the poor solubilityand instabilityof manylabeling reagents'hese challengdsghlight the need
to develop new conjugation strategiem nonaqueous media, such asnic liquids and
fluoroalcohols to enablebiomoleculemodification Chapter 1 presents phosphemediated
reactions for biomolecule modificatiphighlightinghow phosphorus compoundsre used for
bioconjugation.Chapter 2 focuses on solveassisted bioconjugaticand the potential afising
fluoroalcohols, specifically trifluoroethanol (TFE) and hexafluoroisopropanol (H6lIR)jodify
nucleic acids and saccharideghile alsohighlighting expanding solvendriven strategies for
broader biomoleculéabeling. ChapteB presentsa phosphinenediatediabeling strategysing
a mo s p h eto form ur€alinkagethrough an amin@zide coupling reactiom ionic liquids.
Primary alkylamines, as well as azidentaining saccharidesnd polysaccharidegere labeled,
and the approach was further applteccomplex environments, such as cell lysat@sager 4
introducesthe formation ofiron-sensitive protein conjugates using an aldemaietaining
phosphonium saltThe chapter also discussie characterization of the linkaggructureand
testing thelinkage stability. Chapter5 describes thesynthesisof metalfree and additivefree
thiophenebasedreagents fothe tryptopharselective modification of proteins in fluoroalcohols,
as well as efforts to synthesize a cytotoxic payload functionalized with a disulfide linker and
bioorthogonal handle for future antibody conjugation, aiming to deeibpodydrug conjugates

(ADCs).
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Figure 3.1. Phosphinenediated bioconjugation of polysaccharid€®ed hexagon structure
indicates polysaccharide substrate, and the star represents a label such as a fluorophore or reactive
handle. The figure was modified from the originally published ver$i@opyright 2022, Royal
SOCIELY Of CEMISI Y.t e e e e et e e e e e ee s mmme e s e e eeeenes 42
Figure 3.2. The phosphingnediated reaction on chitosan amountaining polysaccharide.
Typical modification conditions: chitosan or diethylaminoethyl (DEAEXtran (1 mg/ mL,
biotin-azide (3 mM), and PRIt3 mM) in ionic liquid at 37 °C for 2 h. Error bars represent standard
deviation (n = 3). (A) Chemical structure of chitosariand DEAEdextran 8.2). (B) Bar graph
showing the fluorescence intensity from the -dmditin blot for modification of chitosan and
DEAE-dextran (1 mg/ mL), biotkazide3.3 (3 mM), and PPh(3 mM) in ionic liquid at 37 °C for

2 h. Error bars represent standard deviation (n €C3)A plot of fluorescence intensity of the anti
biotin blot for modification of chitosan with different concentrations of biarde3.3and PPh

(D) Chemical structure of the functionalized bietinide3.3. The figure was reproduced from
Refl® with permission from the Royal Society of Chemis@ppyright © 2022, Royal Society of
(@ 01T 0 1] PR 43
Figure 3.3.The phosphinenediated reaction on chitosan using a variety of ionic liq@isBar
graph showing the fluorescence intensity of the-hiatin blot for labeling chitosan in a variety
of ionic liquids. Control: negative control experiment in EMIM OAc witlRPhs instead of PPh

(B) Chemical structure of ionic liquids: BMPy: butylpyrolidinium. BMIM:
butylmethylimidazolium. EMIM: ethylmethylimidazolium. OTf: triflate. OAc: acetate. BF4:
tetrafluoroborate. NEf bistriflimide. The figure was reproduced from Refith permission from

the Royal Society of Chemistr€opyright © 2022, Royal Society of Chemistry................. 44



Figure 3.4.Phosphinemediated bioconjugation of azide containing saccharides in ionic liquid
using excess amine reagent. Reaction conditions: -mélbylpyrene (12.5mM), Z2-
methoxyethoxy) ethanamirg5 (125 mM), KHCQ (20mM) and PPH(125 mM) in 1:8:1 mixture

of DMF, MeCN and BMPyOTf at 50 °C for 1 h. (A) General reaction scheme!HBYMR

analysis of the reaction of an azide substrate modified with excess alkylamine reagent (red),

compared with the previously reported reaction of an amine substrate reacting with excess

alkylazide reagers.4 (blue)®>*®The figure was reproduced from E&fiith permission from the
Royal Society of ChemistryCopyright © 2022, Royal Society of Chemistry...................... 45
Figure 3.5.Phosphinenediated bioconjugatioof azidecontaining undesaccharide in ionic liquid
with different alkylamine reagentReaction conditiondDisialylnonasaccharidb-ethylazide3.6
(DSNSazide,0.2mM), KHC®(40 mM), alkylamine reagents with different degree of substitution
(20 mM), and PPhor O=PPh (20 mM) in butylpyrrolidium triflate (BMPy OTf) at 50 °C for 2
hr. (A) Chemical structure of disialylnonsaccharifdethylazide. (B) Matrixassisted laser
desorption/ionization mass spectrometry (MALIS) analysis of the reaction of azide
containing undecasaccharide with benzyl amine derivatives andtBphow) or O=PPH(bottom
row) . i*d indicates potassi um a ¢ dithpdrmnissionT h e
from the Royal Society of Chemisti@opyright © 2022, Royal Society of Chemistry........47
Figure 3.6.Phosphinanediated bioconjugation of azid®ntaining polysaccharide with excess
TAMRA -amine. Reaction conditions: Hyaluronic acid derivatives (2 mg/mL), TAMNRA 3.10

(20 mM), KHCG (20 mM), and PP¥or O=PPh (20 mM final) in ethylmethylimidazolium acetate
(EMIM OAC) for 2 h at 37 °CError bars represent standard deviation (n = 3)Gé&)eral reaction

scheme (BYChemical structure of hyaluronic acid with and without the azide tag (left), chemical

structure of the fluorophoralkylamine reagent (middle), and bar graph of quantification of the
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dot blot analysis of the hyaluronic acid modification with the fluorophore amine (fidgtg)igure

was modified from the originally published versidn.Copyright © 2022, Royal Society of

(@ 1= 0151 Y USRI 48
Figure 3.7.Phosphinanediated bioconjugation of azigd®ntaining polysaccharide with excess
amine reagent. Hyaluronic acid derivatives (2 mg/mL), amine reagents (10 or 20mM) sK2CO
mM) and PPhkor O=PPh (20 mM) in EMIM OAc for 2 h at 37 °C. Error bars represent standard
deviation (n = 3). Modification of hyaluronic acid derivatives with amine reagent containing
alkyne (left and middle) and traiegclooctene (right), which were subjected to the secondary
modification with fluorophore bearing azide and tetrazine, respectively. Bar graphs represent
guantification of dot blot analysis of the modification with amine reagdrits. figure was
reproduced from Ré&fwith permission fronthe Royal Society of Chemistrgopyright © 2022,
Royal Society Of CRemMISIIY.......oooiiiii e e e e e 49
Figure 3.8. Copper Click chemistry on azidagged lysate¢A) Chemical structure of biotin
PEG4 alkyne3.15 (B) Anti-biotin western blot and total stain (Ponceau S.) of the biotinylating
reaction of human embryo kidney (HEK) 293T cell lysates with and without the azide treated with
biotin-PEG4alkyne 3.15 Reaction conditions: cell lysate with and without the azide tag (0.18
mg/mL), sodium ascorbate (2 mM final conc fromrM stock solution), THPTA (0.2 mM final
conc from 25mM stock solution), biotin PEG4lkyne (0.6 mM final conc from 26M stock
solution) and CuS®@(1 mM final concentration from 2B1M stocksolution) in 1X phosphate
buffered saline (30 pL total volume). The figure was reproduced frod Righ permission from

the Royal Society of ChemistrZopyright © 2022, Royal Society of Chemistry................. 51
Figure 3.9.(A) Chemical structure of amirfenctionalized biotin used in the cell lysate study.

(B) Anti-biotin western blot and total stain (Ponceau S.) of the biotinylating reaction of human
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embryo kidney (HEK) 293T cells in BMPy OTf with and without the azide Tag. figure was
reproduced from Ré&fwith permission from the Royal Society of Chemis@ppyright © 2022,
Royal Society Of CRemMISIIY......coouuiiii e e e e e e 52
Figure 3.10.Phosphinemediated amin@zide reaction on cell lysatés) Chemical structure of
azidoPEG4hydrazide3.14 (B) Anti-biotin western blot and total stain (Ponceau S.) of the
biotinylating reaction of human embryo kidney (HEK) 293T cell lysates with and without the azide
tag. Reaction conditions: cell lysate with and without the azide tag (0.045 mg/mL), K2CO
mM), biotin amine3.16(20 mM), PPaand O=PP{(20 mM) in BMPy OTf at 37 °C. The figure
was reproduced from Réfwith permission from the Royal Society of Chemist®ppyright ©

2022, Royal Society Of ChemSTIY........uuuiiiiiiiiiiie e ceeeie ettt e e e et e e eeeaaen 52

Figure S3.2. Representative blot membrane images for the-taatin western blot (Cyb
streptavidin) and total stain with eosin Y solution of chitosan modification with different biotin
azide/phosphine concentration. Reaction Conditions: chitosan (1 mg/mL final catioarfrom

10 mg/mL stock solution in 1:1 BMIM:-M acetate buffer), biotin azid@.3)and phosphines in
DMSO solution as 7.5 mM, 3 mM, 1.5 mM, 0.75 mM,0.3 mM, and O mM final concentration from
375 mM, 150 mM, 75 mM, 37.5 mM, and 15 mM, respectively. The reaction was done in EMIM
OAC at 37 °C for 2 h. The experiment was done in triplicidesbtain the standard deviation
(error bars, n = 3)The figure was reproduced from R&fith permission from the Royal Society

of Chemistry Copyright © 2022, Roydabociety of Chemistry.............cccovvvvviviiiiccceeeeeeeeeiiins 63
Figure S3.3. Representative blot membrane images for the-taatin western blot (Cyb
streptavidin) and total stain with eosin Y solution of the ionic liquid screening in chitosan

modification. Reaction conditions: chitosan (1 mg/mL final concentration from 10 mgbuk s
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solution in 1:1 BMIM OAC/XM acetate buffer), biotin azid8.3) (3mM final concentration from

100 mM stock solution in DMSO), and phosphines (3 mM final concentration from 150 mM stock
solution in DMSO) at 37 °C for 2 h. The experiment was replicated three times to get the standard
deviation (error bars, n = 3)he figure was reproduced from Bafith permission from the Royal
Society of ChemistryCopyright © 2022, Royal Society of Chemistry..........cccceeeveeevivieee. 64

Figure S3.4.Representative blot membrane fluorescence (Cy3) and total stain (toluidine blue)
images of phosphinmediated hyaluronic acid (HA) and hyaluronic acid azide (WA
modification in ionic liquid. Reaction conditions: Hyaluronic acid derivatives (2 mg/mL), amine
reagent (1020 mM), KHCQG (20 mM), phosphines: PRAnd O=PPE (20 mM) in EMIM OAc

at 37 °C for 2 h. (A) HA and HANs modification with TAMRA amine. (B) HA and HANs
modification with propargyl amine (left) and alkypeg4 amine (right) using coumarine azide as

a secondary label on blot membr&h¢C) HA and HANs modification with transcyclooctene
amine using sulf@yanine5 tetrazine (1 mM in 50 mM MES berff as a secondary label. The
experiment was replicated three times to get the standard deviation (error barsThe=fiR)ure

was reproduced from Réfwith permission from the Royal Society of Chemis®ppyright ©

2022, Royal Society Of ChemISt.........cooiiiiiiiieeeee e 65

Figure S3.5.LC-MS analysis (Shimadzu LCM3020) of pyrene azide modification in ionic
liquid. (A) Reaction scheme. (B) L®S analysis of the crude reaction mixture. Left: UV
chromatogram (254 nm). Right Mass spectrum. Reaction procedure is described in Typical
sacchade/small molecule modification in ionic liquid$he figure was reproduced from Ref

with permission from the Royal Society of ChemistGopyright © 2022, Royal Society of

(@ 01T 0 1] 1 PR 66
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Figure S3.6."H NMR spectrum of pyrerarea compound in C&GN/DMSO-d6 (95:5) produced
by azidepyrene with excess amine reagent. Reaction conditions are described in typical
saccharide/small molecule model modification in ionic liquid seciitwe. figure was reproduced
from Ref® with permission from the Royal Society of ChemistBopyright © 2022, Royal

SOCIELY Of CEMISI Y. it e e e ettt e e e e e ee s mmme e s e e eeeenes 67

Figure 4.1. Protein bioconjugation in ionic liquid using formghosphonium reagent. (A)
Schematic illustration of the enamipbosphonium linkage formed via condensation reaction
between lysine/N terminus of a peptide or protein and (formylmethyl)triphenylphosphonium
chloride. (B) Schematic illustration of the compatibility of ionic liquid with both protein and
phosphonium reagerMPy OTf: 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonafehe

figure was reproduced from R&with permission from the Royal Society of Chemis@gpyright

© 2023, Royal Society Of ChemiStry........ccoviiiiiiicce e 76

Figure 4.2. Liquid-chromatography (LChased analysis of modification of lysinetdrminus
containing substrate (insulin) with a variety of phosphonium derivatives possessing different
moieties. A bar graph of percentage conversion of insulin modification with thepipdwium
reagentsError bars represent standard deviation (n = 3). Reaction conditions: Insulin (0.05 mM),
K2CQOs (20 mM), and phosphonium reagents (10 mM) in ionic liquid at 50 °C fofThdfigure

was reproduced from Ré&f with permission from the Royal Society of Chemis®ppyright ©

2023, Royal Society Of ChemIStly.........ccoiiiiiiiiiieeee e 78

Figure 4.3.Liquid chromatographynass spectrometry (L-®IS) analysis of the modification of
insulin containing a single lysine residue andekninus amines with a variety of phosphonium

derivatives possessing different moieties. (A) UV chromatograms of the readtitures. (B)
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MS spectra of the modification (1 mod, 2 mod, and 3 mod) or starting material peptidd (&M).
figure was reproduced from Réf with permission from the Royal Society of Chemistry.
Copyright © 2023, Royal Society of Chemistry.......ccooooiviiiiiiiiiieeen e 79
Figure 4.4.LC-MS analysis of the reaction mixture of(2biphenyl)ethylamine modification
with  (formylmethyl)triphenylphosphonium chloride. (A) Liguahromatography mass
spectrometry (LEMS) analysis of the phosphonium reagent,-hgdrated form (middle), and
hydraed form (right). (B) LEMS analysis of the formed enamine product from the condensation
reaction with an alkylamineontaining substrate. (@Qhemical structure of the model substrate.
Phosphonium reagent in parent form or 4mydrated (green circles) or phosphonium reagent in
hydrated form (blue rectangles). The figure was reproduced frort? Righ permission from the
Royal Society of ChemistryCopyright © 2023, Royal Society of Chemistry..................... 80
Figure 4.5. Chemical structures and amino acid sequences of the peptide substrates. The
alkylaminecontaining amino acid residues are highlighted in red. The conversions (in
parentheses) were obtained by peak area integration in liquid chromatography (LC) anadysis. Th
figure was reproduced from Réf with permission from the Royal Society of Chemistry
Copyright © 2023, Royal Society of Chemistry............oovvviviiiiiicree e 81
Figure 4.6. 'H NMR spectrum of the product of condensation reaction betweéh 2
biphenyl)ethylamine and (formylmethyl)triphenylphosphonium chloride inQIR The figure

was reproduced from Ré&f with permission from the Royal Society of Chemis®ppyright ©
2023, Royal Society Of ChemMIStY.........cooiiiiiiieieeee e 83
Figure 4.7.13C NMR spectrum of the product of the reaction betweé#-l@phenyl)ethylamine

and (formylmethyl)triphenylphosphonium chloride in §€3D. The figure was reproduced from
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Refl9with permission from the Royal Society of Chemis@®ppyright © 2023, Royal Society of
(@4 01T 0 1] 1 P 84
Figure 4.8.H-'H COSY NMR spectrum (full) of the product of the reaction betweda- 2
biphenyl)ethylamine and (formylmethyl)triphenylphosphonium chloride inQIR The figure
was reproduced from Ré&f with permission from the Royal Society of Chemist®ppyright ©
2023, Royal Society Of ChemSTIY........uuiiiiiiiiiiiie e ceeeie et e e e e ar e e e e eeaaas 85
Figure 4.9.'H-'H COSY NMR spectrum (zoomed version) of the product of the reaction between
2-(4-biphenyl)ethylamine and (formylmethytriphenylphosphonium chloride in@D The
figure was reproduced from Réf with permission from the Royal Society of Chemistry.
Copyright © 2023, Royal Society of Chemistry........ccoooviiiiiiiiiiieeen e 86
Figure 4.10.*H-'H NOESY NMR spectrum (full) of the product of the reaction betweéf 2
biphenyl)ethylamine and (formylmethyl)triphenylphosphonium chloride inQIR The figure
was reproduced from Ré&f with permission from the Royal Society of Chemis®ppyright ©
2023, Royal Society Of ChemMIStY.........cooiiiiiiieieeee e 38
Figure 4.11.'H-'H NOESY NMR spectrum (zoomed version) of the product of the reaction
between A4-biphenyl)ethylamine and (formylmethyl)triphenylphosphonium chloride is(ID
The figure was reproduced from Réfwith permission from the Royal Society of Chemistry.
Copyright © 2023, Royal Society of Chemistry............oovvviviiiiiieeeeeeeeeee e 89
Figure 4.12.3'P NMR spectrum of the product of reaction betwed#-Biphenyl)ethylamine and
(formylmethyl)triphenylphosphonium chloride in @DD. The figure was reproduced from R&f
with permission from the Royal Society of ChemistGopyright © 2023, Royal Society of

(@ 01T 0 1] 1 PR 90

XVi



Figure 4.13.Infrared (IR) spectrum of the product of a reaction betweg@hl#phenyl)ethylamine

and (formylmethyl)triphenylphosphonium chloride in €3D. The figure was reproduced from
Ref9with permission from the Royal Society of Chemis@ppyright © 2023, Royal Society of

(@ 1= 0151 Y USRI 90
Figure 4.14 Enaminephosphonium linkage stability in agueous media. (A) Schematic illustration
of a stimulusinduced cleavage. Stability testing conditions: Enarpinesphonium linkage (0.05
mM) , reagents (0.5 mM) in either8/MeOH (8:2) or (NH)2COs aq (5 mM)/MeOH (8:2) at rt

for 1 h. (B,C) Bar graph for Ldased analysis of enamipbosphonium linkage incubated in
H20:MeOH (8:2) with reagents: paraformaldehyde (PFA), methylglyoxal (MG&ysteine
(Cys), oxidized cysteine (Cys£B2), and hydrogen peroxide £8-), potassium superoxide (kD
hydroxyl radical (F&7/H202). Error bars represent standard deviation (n = 3). Stability testing was
performed in either water (B) or (NHCOs buffer (C). The figure was reproduced froRef °

with permission from the Royal Society of Chemist@opyright © 2023, Royal Society of
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Figure 4.15.(A) Liguid-chromatography mass spectrometry {MS) analysis of the biphenyl
enaminephosphonium incubated in2B8: MeOH (8:2) with reagents: paraformaldehyde (PFA),
methylglyoxal (MGO), Lcysteine (Cys), oxidized cysteine (Cysfd), hydrogen peroxide
(H202), potassium superoxide (K and hydroxyl radical (F&H202). (B) Mass spectrometry
(MS) analysis of the biphemgnaminephosphonium showing cleavage after being subjected to a
stimulus (left), and the mass spectrometry (MS) analysis of the bipbeagtinephosphonium
(right). Phosphonium reagent in parent foomnorthydrated (green circles) or phosphonium
reagent in hydrated form (blud)he figure was reproduced from R&fvith permission from the

Royal Society of ChemistryCopyright © 2023, Royal Society of Chemistry...................... 94
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Figure 4.16.(A) Liguid-chromatography mass spectrometry {MS) analysis of the biphenyl
enaminephosphonium incubated in(NH4)2COs buffer: MeOH (8:2) with reagents:
paraformaldehyde (PFA), methylglyoxal (MGO)}clsteine (Cys), oxidized cysteine (CysiH),
hydrogen peroxide (#D2), potassium superoxide (KI) and hydroxyl radical (F&H20z). (B)

Mass spectrometry (MS) analysis of the biphesrydminephosphonium showing cleavage after
being subjected to a stimulus (left), and the mass spectrometry (MS) analysis of the biphenyl
enaminephosphonium (right)The figure was reproduced from Réfwith permission from the
Royal Society of Chemigy. Copyright © 2023, Royal Society of Chemistry...................... a5
Figure 4.17.(A) Liquid-chromatography mass spectrometry {MS) analysis of the biphenyl
enaminephosphonium incubated with different metal ionsH20: MeOH (8:2) (B) Mass
spectrometry (MS) analysis of the bipheeylaminephosphonium showing cleavage after
incubation with different metals (left), and the mass spectrometry (MS) analysis of the biphenyl
enaminephosphonium (right)Phosphonium reagent in parent form or 4mydrated (green
circles) or phosphonium reagent in hydrated form (blue rectangles)figure was reproduced
from Ref !0 with permission from the Royal Society of ChemistBopyright © 2023, Royal
SOCIELY Of CREMUSIIY ettt et e ettt eeer e e e e e e e e e e et e e e eaa e mmmeeeeeeeeneennnes 96
Figure 4.18.(A) Liguid-chromatography mass spectrometry {MS) analysis of the biphenyl
enaminephosphonium incubated with different metal ion§Nit4)2COs buffer: MeOH (8:2). (B)

Mass spectrometry (MS) analysis of the biphesryhminephosphonium showing cleavage after
incubation with different metals (left), and the mass spectrometry (MS) analysis of the biphenyl
enaminephosphonium (right). The figure was reprodd from Refl® with permission from the

Royal Society of ChemistryCopyright © 2023, Royal Society of Chemistry...................... 98
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Figure S4.1 Liquid-chromatography mass spectrometry {MS) analysis of reaction mixtures

of modification of peptide substrates. 28 chromatograms were used to obtain the conversions
shown in Fig. 2 in the main manuscript. (A) Angiotensin |.(B) Adrenocorticotrbprenone
(ACTH) 1-17. (C) Kinase A inhibitor @2. (D) Atrial natriuretic peptide (ANP)-28. (E)
Bombesin, a peptide with cappedt®&tminus and lacks lysine residues. {Djdxolan2-
ylmethyDtriphenylphosphonium bromide and acetonyltriphenylphosphoniuloridd as a
negative controlsThe figure was reproduced from Réfvith permission from the Royal Society

of Chemistry Copyright © 2023, Royal Society of Chemistry...........ccccccveiiiiiieeee e, 104
Figure S4.2. Tandem mass spectrum (MS/MS) analysis of Angiotensin | modified with
(formylmethyl)triphenylphosphonium chlorid@he figure was reproduced from R&f with

permission from the Royal Society of Chemis@ppyright © 2023, Royal Society of Chemistry.

Figure S4.3. Tandem mass spectrum (MS/MS) analysis of kinase Inhibitor modified with
(formylmethyl)triphenylphosphonium chlorid@he figure was reproduced from R&f with

permission from the Royal Society of Chemis@ppyright © 2023, Royal Society of Chemistry.
Figure S4.4. Tandem mass spectrum (MS/MS) analysis of ACTHLT)L modified with
(formylmethyl)triphenylphosphonium chlorid@he figure was reproduced from R&f with

permission from the Royal Society of Chemis@ppyright © 2023, Royal Society of Chemistry.

Figure S4.5. Tandem mass spectrum (MS/MS) analysis of ANP2&L modified with

(formylmethyl)triphenylphosphonium chlorid@he figure was reproduced from R&f with
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permission from the Royal Society of Chemis@ppyright © 2023, Royal Society of Chemistry.

Figure S4.6. Tandem mass spectrum (MS/MS) analysis of insulin (Chain A) modified with
(formylmethyl)triphenylphosphonium chlorid@he figure was reproduced from R&f with

permission from the Royal Society of Chemis@ppyright © 2023, Royal Society of Chemistry.

Figure S4.7. HRMS-ESI spectra of the bipherghaminephosphonium.The figure was
reproduced from Reéf with permission from the Royal Society of Chemis@ppyright © 2023,
Royal Society Of ChemiStry......cooouiiiie e e et e e e e asmmmeees 109
Figure S4.8. 'H NMR spectrum of the commercially -dutyl-1-methylpyrrolidinium
trifluoromethanesulfonate (BMPy OTf) in DMS@6. The spectrum is virtually identical to the
previous reported one, and no major impurity peaks were obs&rVad.figure was reproduced
from Ref !0 with permission from the Royal Society of ChemisiBopyright © 2023, Royal

SOCIELY Of CHEMUSIIY ettt eeee e e e e e e e e e e e e e e et rmmmeeeeeeernnnne 110

Figure 5.1. Representation of antibodirug conjugate (ADC) structure, illustrating the core
components including antibody, linker, and CytotOXiC drUQG............ueeeiiiiesieccvreiiiieeennnn 117
Figure 5.2. Schematic illustration of FriedeCrafts alkylation of tryptophanontaining
biomolecule mediated by methhsed Lewis acid (previous work) in hexafluoroisopropanol
(HFIP) as a biomoleculeompatible medium. The figure was reproduced with permissiondrom
previous report’ Copyright © 2024, American Chemical Society.

https://d0i.org/10.1021/JaCS.3CL3AAT........ccce oottt 118
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Figure 5.3. Chemical modification of tryptophan residues and bioorthogonal probe design for
antibodydrug conjugation. (A) FriedeCrafts alkylation of tryptophanontaining biomolecule

under metafree and additivdree conditions in hexafluoroisopropanol (HFIP)ngsthiophene

based labeling reagents bearing a bioorthogonal handle or trifluoroborate group. (B) Structure of
the DBCOP E GSSSN-38 (left) and structure of BGISSSN-38 (right) for future antibody

(o0 18T =1 [0 o PSPPI 120
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Figure S5.19. H NMR spectrum of 45-acetylthiopher2-yl)-N-(2-(2-(2-(2-
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with permission from the Royal Society of ChemistGopyright © 2024, Royal Society of
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Figure  S5.20. C NMR spectrum  of45-acetylthiopher2-yl)-N-(2-(2-(2-(2
azidoethoxy)ethoxy)ethoxy)ethyl)butanamide insCB. The figure was reproduced from ¥ef

with permission from the Royal Society of Chemist@opyright © 2024, Royal Society of

(@ 1= 0] 5] (YRS 165

Figure S5.21. FT-IR spectrum of 45-acetylthiopher-yl)-N-(2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethyl)butanamide. Relevant peaks are labeled with red arrows. The
figure was reproduced from f&fvith permission from the Royal Society of Chemis@gpyright

© 2024, Royal Society Of ChemMIStrY.......cccoiiiiiiiii e eeeee e 166

Figure S5.22. HRMS-ESI spectra of  4b5-acetylthiopher-yl)-N-(2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethyl)butanamide. The figure was reproduced froth with

permission from the Royal Society of Chemis@ppyright © 2024, Royal Society of Chemistry.

Figure S5.23.1H NMR spectrum of N2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyd)-(5-(1-
hydroxyethyl)thiophef2 yl)butanamide in CDGI The figure was reproduced from Fefvith

permission from the Royal Society of Chemis@ppyright © 2024, Royal Society of Chemistry.

Figure S5.24.13C NMR spectrum of. N2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyd-(5-(1-
hydroxyethyl)thiophef2 yl)butanamide in CECN. The figure was reproduced from Fefvith

permission from the Royal Society of Chemis@ppyright © 2024, Royal Society of Chemistry.

Figure S5.25. FT-IR spectrum of N2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyd)(5-(1-

hydroxyethyl)thiophef® yl)butanamide. Relevant peaks are labeled with red arrows. The figure
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was reproduced from réfwith permission from the Royal Society of ChemistBopyright ©
2024, Royal Society Of ChemMISIY.........coiiiiiiiiiiiemr e e e e e e 169
Figure S5.26.HRMS-ESI spectra of N2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyd)(5-(1-
hydroxyethyl)thiophef2 yl)butanamideThe figure was reproduced from #&fvith permission
from the Royal Society of Chemistri@opyright © 2024, Royal Society of Chemistry....... 169
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was reproduced from réfwith permission from the Royal Society of ChemistBopyright ©
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was reproduced from réfwith permission from the Royal Society of ChemistBapyright ©
2024, Royal Society Of ChemiSTIY ... ....uuuiii i ceeeie e e e e e eaeens 171
Figure S5.29.FT-IR spectrum of 4azidol-(thiophen2-yl)butanl-one. Relevant peaks are
labeled with red arrows. The figure was reproduced froff vath permission from the Royal
Society of ChemistryCopyright © 2024, Royal Society of Chemistry.............c..vvvvvvvnneee. 172
Figure S5.30.1H NMR spectrum of 4zido1-(thiophen2-yl)butan1-ol in CD:CN. The figure
was reproduced from réfwith permission from the Royal Society of ChemistBopyright ©
2024, Royal Society Of ChemMIStY.........ooviiiiiiiiiiccmr e e e e e e 173
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with red arrows. The figure was reproduced fromi®nefth permission from the Royal Society of

Chemistry.Copyright © 2024, Royal Society of Chemistry...........cccoovviiiviiieeen e, 175
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Chapter 1: Phosphorusbased bioconjugation as metafree strategy

1.1. Introducti on

Bioconjugationstands as a powerful tool to modify and enhance the properties of
biomolecules€.g.,proteins, nucleic acids, lipids, carbohydrafes a wide range of applications.

Through bioconjugation, a covalent linkage is formed between a desired functionality and a
biomolecule. For instance, chemical modification of proteins provides bioconjugates for
therapeutic applicatian such as antibody drug conjugates for targeting can&&Gylated
proteins for enhancintie pharmacokinetics of biomedical molecufefjorescent biosensors in

live cells? biomaterial preparatiohand chemical proteomié€Extending beyond proteinsyicleic

acids which include RNA and DNAcan also undergo bioconjugation to provide nucleic acid
bioconjugates for cancer detection and thefapimilarly, carbohydrates can also be subject to
modification offering opportunities in vaccine developmént.

Proteinbi oconjugation involves 't he oanpptlhiec aamionne
acid residues at the-am@oee mhaowistshurtfhaec ec coommoantl
nucleophilic amino acid?®® aedi dysisioeve@lwsl) aghcyg.
chemoselectivity can be challenging as bi omol
which cahelk eedugseani xt ur e of baino cadbnujnudgaantt e sa.n dL yas
ami noomiperdot ein surface, is a'%paorpiuoluasr nteat rhgoedts ,f
acylation and alkyl atiomyds iorg s vaaticihvaavtieedde | eesct
sul fonyl c hl o,raindde si, s oitsho coycaynaantaetse s ) , al ong wi t
al dehydes, all enable selecti vieCynmsadeiifniec atwiotnh
abundance and the most nycbkeap hhiilgihcl ys uflafvhoyrdarl

bi oconj'fgdhsbonbeing a r ed aitni vperlot erianrse, aQwisn ob ea



choice-sfedrecsi e modificati on. Cysteine exhib
various modifications,wBuch fBer s smi xedediesuah
an al kyl hal i de, anud h Miash aied d oad it fdin@adde ywigt ht or

thi osucciniYide formati on.

Phosphorusa vi t al el ement in biology and organi
and structure of Dbiomolecul es. Il n the intrica
an i mportant structural -@gxximpatnieon ,nsatmaitd eb,c mneadia me

phospaatdesontri butes to the compositions of Dbi

carbohydrates, and | ipids,®S%loayiimgtanacreycitale
genetic, maneDiNAIl sag d RNA, i s composed of p hc
triphosphate (ATP), the reservoir of chemical

Various reports have discussed why phosphates
in bi®®P®Pgytein phosphorylation, a pr#aseds t he
involves the addition of a phosphate group,
transl ational mo d?#Tfhiec aattit caapsih m(eIpctthaednfee glr.alyp t ot
of amino acndl wuaisnglusseri ne, 22t htrheroonuignhe , p haonsdp htc
induces conf ofanhtdfofneadt s htamegye®bt otvéitly plios pleorp
plays a role in cellul ar p*coocnetsrsoel sl,i nifraatiéu di ndgi
contr ol of B.NAAddiptliiocraa liloyn, with ABDhR dai pt eosf

phosphate gr gofupr miond hph pspmh &P mot eins and ADP.

Beyondphosphorusoés rol e i n bi ol ogy and over
compounds have proven to be significant in va
organic synthesis. Il n organic reacty othkso,r or ga



exampl e, nucl eophilic phosphines have proven
reactions in organic -BynHihkelsman KMBHK)N raesa dthieon
involves the coupling of am-C&lbefmidn fwirtmatamnal
af?di scovered the catalytic role of nucdeophi

investigated amines as <catal ¥y s tas-ef ddathahley zseadmse

reactions, or gnpriumn dph diapwleo rbressenceempl oyed as | i
i mpacts in the fiel}POorfganaspmmephidbcusycomesius
applications as reagents in various reactions

HorwWadswBmmbhGor-rycchsforming al kenes and al ky
in walbwn reactions su@mdastW@Wudt nger Mi tsunwvaber
with phosphine derivatives we&lempeomplaoWh&dt iags s
involves the reaction of carbonylwictohmptoruingllse n
phosphonium ylide. The yl-Cdboh@abndesenvéds gh:
reagent, forming alkenes and triphenyl phosphi
significant rol e i n cadovragnacniincg cthheemifsiterlyd, oifn tsryo
for the prepémThei Mntsfinabkeneacti onmadsoi show
chemistrlyi,@g0, ediaSh, CiI N, or ®?€i @i bamldy.,foom@adnop
compounds found apgMiichateilom dida tsloeneae@dmao nr e

PC bond formation®in organic synthesis.
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Scheme 11. Schematic illustration showing the historical evolutimhphosphorusdasedreactions demonstrating the use of
organophosphorus compounds in synthetic organic chemistry

1.2. Modification of biomolecules using phosphorusased reactions.

Phosphorudasedioconjugation methods have evolved through reactions that enable the
modification of biomolecules. Sincthe introduction of Staudinger ligation as a method for
bioconjugation, a series of phosphehased reactions has significantly contributed to broadening
the methods available for biomolecule modification and as an addition to the bioconjugation
toolbox. This chapter describes some of the reactions that involve phosphorus compounds,
developed by chemists as innovative strategies ®ifuhctionalization of a biomolecule. The
chapter is structured into three sections: (1) phospbésed reactions, including Staudinger
reduction and ligationphosphinemediated cyclopropenone ligation, and phoskhehael
addition reaction. (2)phosphorug/lidesbased reactions, such as Wittignd (3) other
phosphorusdased reactions.

1.2.1. PhosphineBased Reactions

In t he real m of chemical bi ol ogmeditdatee dSt
conversion of organic azide to amines, has
St audi nger and Meyer in 1919, t he Staudinger
azides, |l eading to the formation of an i mi

nitr%Hyedr.ol ysis of the iminophosphorane inter

4



yielding primary amines and phosphine oxide

utility in synthetic orgaffawrd cihgeorsaistsiooyn efdori tas
chemical bi ol ogy for biasmbkedulfer mddvercat apm
instance, the activation of fluorescenc.e was
This process involvefsl adhree hydnti-plagtadd @eomno md =@n

(PNA) strand anBNA tonpugapbosphandredult aobN
of azidocoumarin to a highleymhafolluomgeds hentefdmicn
of oligoffMoreoviedesthe successful transfor mat
carboxylic acids, dme tShiawlds ngterpiH ebh@tti mmo wals
DNA oligonucl eotide templates contai niinngk eadr vy |
with phospémmlesyi M\ d DeNxAceskedhosmal | phmol esulte® ¢
mi xture of four DNA templ at esalwiotwhe dd itshtei ntcrta nas:
of each aguldfeonianntiod eg carbamate, “YGFuea hemmorteh,
Staudinger reduction has been ®idelydusgdathi
of specific proteins®ainmds iedkep olsiimegy mammalsiea m eca
cells, whichpeal fowedbsiguwue ti nati on of po-®t ei ns

transimatdi dmZlati ons.

N
3 Nepph,  H,0 NH
+ PPhjs ﬁ» ?
N2 O:PPh3

Scheme 12. The classic Staudinger reduction of an azide with phosphines

St audinger | igation, orctomaxcgad waddhfdaeascthieonne a o H
by Saxon amas Bewdlozed as a abndocwans uagppliioend saar

bi ol ogi c’ABasseggisteemss .i nspired by the Smadidfiingdr



the classic Staudinger reaction and designed
the unstable i minophedphdoer)anteo iant etr Beitde @z Biv 4 I
proposed the incorporation of an ,evlid dti mo pthh e
phosphine samoobuatei véudbsign aylliodws ttdhebeuca
by the electrophilic trap throughorimattn amoloefc
' i gation produce) ,( swiathh eda mozgiadr bl pykag (Scheme
amide bond formation was achieved t°hNoath,gf t he
the Staudindgemstkidtgaartgieotni mgascetrandurdmacPNhgllyzhe

The reaction was also used to*sndidysdadei mglbicarl

appl i datcilurdd n g>®gps oweelolmiass ,f-oel astroll ed drug
(0] o o
2
PhaP N, Target —N=R Ph,P
Ph Ph o

SchemBémilde product formation through Staudinger

Phosp-medeated cyclopropenone | igation has
b ioot hogonal chemi stry with vewos & teirlse aamgwloidauate
bioont hogonal | igation involving triarylphosphir
ri-agened act-yvatedi R'ee®dmeldi ahei ntermedi ate is
by an amineomual @eoplyi peobe, in the presence ol
adduct , s fJe aibfsiad ailrlayt ealn adduct (Scheme 1. 4). T
i nvol vhaathp&i ardeda ctNliodommb liynw aqueous soluti on, a

was observed, and wianexnp ophuy i otflot) gdycsaid ¢ ibmuef tf eetl
|l igation product di spl ayedcarstaabi bnt washlle meht
cel l ul ar system,-f lwhoerroepihno ree homgfeilgnadbiéenigf ace d i t
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product s wi t hin HEK 293T <cell |l ysat es, but
cyclopropenone motifs. I n another study, a rart

to their core (i.e., amines,witthhi oclysc,| &ipl hceopheonl osn

=

esearch s howeidt htdhraatwi elge @trmaumlsi weenr ectolndes er ved

di minish the nucleophilicity of phosphine, S |
phosphitnhersough i ntramdla&agtuilwaat eeydy olgemr dmpenone
attack, thereby accel er azumngt itthiet ede accytd lomp rraap e
stability toward thiols pdysaei niee awwdegd | fudratchea
studi es. Not ewort hy, in this study-mandd atwedhi
cyclopropenone |l igati Thwasrempltogpaedhfer ai mag

crosslinkiPandpphoi chtowmBlsecul e | abeling.

Q o)
/A /@ — Biomoleculej)LN @
) H Nu u
Biomolecule Z:/\S | ZE} PPh,

PPh, H

Scheme 4. Ph o s pnheidnieat ed cycl oprolpebnsme ukiag @adi o hsgoph evrvest s pd apued . f To

previouX¥®reports

Uhder physiological coMdechaoehsadaegiHt i7To )&, ea
TCE®#nd el ectrophilic olefin acrylamide result
(Schemei th5nh0o byproductanaixkepbrpdinsispihn gr ep otxa mdtei &
glycoprotein profudiimg BEOEE dtidkealed b ealdidig.i on w
at different pH values (pH 6.8 or 8.8) to a pr
moi et y, sipaeccrivliyosyalinley (Mcr K) inst afdmrd tome t hiter gt
proved effective for protein BbTi®WKkP ngruogbaetse b g,

daniphwlosphine conphbhgapbki aavwerber pluagtali eempl oyed 1t c



applicabil i t-Mi cofaetlh ea dpdhiotsipohnra r eacti on f-or in
phosphine probe waEk. slopst@tssEudicdll lhipypd Teed ¢ Dud)
involved the | abeling of prabti eghngplyicaaspi oab d
the metabolic iIincor plNaat ydgoanlydocft oascarnyi lnaemi den tsou gp
Not abl vy, the study did not delve into the re

resjadhude no tsetsahinlgi toyf t he formed adduct was pei

o
OH 0 g’OH
| o) 0 HOJQA J\«OH
o) ﬂ R
P OH ® O
NH H
TCEP N
HO o
0 >
Protein 57

Protein

SchemeSch.eme for the reaction of acryl amigsehdvaest adhetednf pom

previodws report

Under bi ocompati bl e coheihtoispin@haahd rehco
dehydrobut-gomntma&i nibhhgop) ppepti des and proteins we
nucl eophilic phospSTihnee npordo bfei c(al ci hoenmep rlo.cée)s.s i n
(Dhb) or dehydr oal antimreob-gglBbh mi) n agoehroesrpahdait cen f r ¢
phosphoryl ated threoni ndh(Ep PhNiscpithaae Is ea d adiiet i( @15 ¢
bet weermndC-bh aDloimt ai ni ng peptideB8B. aRemaskaghy)]
modi ficationnwas shapitd, newublaiti on period with
phosphonium product under t est edToc ofnadciitliiotnast e

detectideaof nBDhiproteins, a nucleophilic phosp



as a chemical pr ob@EP Trreo dee sp rgmwead bhioghlny s ucc

detect-cagt ®hbing proteifs,widmeni fAid8dl Icel hi sty

R
| d R
gN%Nﬁ '
H o + PR3

> iy
H

R'
R'
H

Nyt

o~ s

R=H or CH3
SchemeA Bcheme illustrating theormdidloiht anniohgtpéepsyglbiemeasppiote
adapted from©® previous report.

A successful detection of protein crotony
featuring a phosphine warhead that Il nt-eracts
transl ational modification ofThley spirnoeb @QE@htiisltioz
as the nucl epeprhgadgecs pihnosgp he mrej ugate addition
Mircagddi ti on, forming a stabl e addl<chnswittuhl att fee

functionality and biomydomgjrwgat.i cAAn sweirtie sa bd a imm ¢

smal | mol ecul es and peptides, was arscetdo ntyol attees
l ysine residue i n aguseacucs 0o%wdnalti-p boons.p h onntieune sstp e
was shown. However, upon using aoloabilei pbdsph
no reaction was oblsyegivread rwa ¢ihd wea .ot Dinmgil lag reldy, n

TCEP with a coadkiong ctolmp o dFrudttdreyIimogeoupg.he f
phosphoni um a dodsuecrtvse dwawsh eanl stoheo cr ot ecagd- r ®up
ester deri vRuntvleer mbdircecf,CBP.moi ety wassiudttri amdu d a
modi fied probe that was | ater i ncorporated i
crotonyl d4thbeiorE.CEPl spa,obe proved effective in de

E. kcpystanhdsHEK293T mammalian cell s.



o)
07 OH jOH
OH

(0]
Hl\‘lM Protein \NMS
. H Y
Protein HO 0
O
ScheneScthh.eme il lustrating the reactionchevaesr atdapyedt édomr at ¢

repéort .

Under mild conditions, -cnoondtiaiinciantg ome potfi ddeesh

through -Bi phaoslphaddi ti on ,measatlitomgwaan em@lbd yee

species (8Theeme diBlerent phosphines, tri but.y
TCEP derivative, were tested with a smal/l mo
resulted i n t hHe bfoonrdmaatnido nt hobfp lgae n@h annii om odt iao

pr otdRicmar kaphgsphbdprpi um product exhibited robus
across a brohd aopMHdramdger o¥arli ous condi tions, [
al kaline environment, reductievetec omdiotfi -®Om=a, om
containing peptides wasphosmpbi aekdevedctfohl o
pH 8, resul t-addi i inomphiepthd wes, chemosel ecti vi
reaction occupeptdi dpoonl dcleiang nBmapl ngshnduasveart
phosphines with diverse functionalities, sucl
b ioot hogonal handl es, carbohydrcatesatddCygbe &0
P covahdnant the attachment of the -poevaboshy
pepti des. Fur t-dacdd imoiren photse@ihmnsnewer-eogeaeniaheg

proteins with TCEP and monosubstituted TCEP
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structur e and steric hi ndrance, l i mited rea

derivati ves.

R ,
u @l NP
Target R » Tlarget ./ R

. @ = Functional group
small molecule, peptide

or protein-containing Dha

Scheme B.Scheme depi ct-Mingh a énle gdcdistpihanp eopft, i sdaeastl Fcppmd tae mw Inigh ,Dh a

phosphisnesevm&hadapted rfepor ta. previ ous

122. Phosphor Baas¥ldi Resacti ons

A successful aqgueous Wittig reaction was a
an aldehyde tag to a p®¥dheiprotessntinestvdd®de
oxi dati otnerami nnahle sNeri ne resi du@ atf rpegmitdemp ar
resulting in the for materomi mds .anVarlidelhsy dyel it dhes
Wittig reaction withamnd et hgee nree aad teido ma | edfefhiycdiee ntt
functional groeps, abmghesi hguaeata®me hyer satil i

approach was desmosstrcastsefluby atpapg giecdatpromt etion sal

chemokine interl eukin, after periodateaoxi dat
short reaction time. Further mor®%®%onaltdheeh yglley cgie
resi duet ertmitrhies Nof a model pr ot e il hifkoil Meoswneydo gblyc

the Wittig reaction with theliabteén mgdiyateé dal d
the stability of the for mahtdasrejddegatpeerwane nit gt

included in the scope of this study.
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- Q
. o
— > Protein %i(O\

o

SchemaVittig react itoang pend amr atl eierh yideec b gvaeso g apd lewdt if o m Bher ev

Through-cyg cWiitztaitg on reaction and wunder 1 1igh
off 8r myl cyt PCdwanse aRANMAi d fed using cyanomefhyl ene
The process -i5neloil vteheel el ¢ o fbp hcialriboo nG°C gir bhpt ha
Wittig reagent ( Scheme 1.10) . Testing a vV a
triphenyl phosphoniyuam osnaeltthsy | reenvee atlrei dp htemaytl pd o s g
effective | abelrneqgl irgiagleenv i CHowewertisbfted by
formyl or ketone substituents att tihrer &®&itatyil @m
(Pdropenenitriipeapl@)rcddar gla eme d &ERpvnebrCs,i o 1 o Itl oo wezd
intramol ewultan |l amicyaeal i zati on, resulting in t
nucl ebipgsyse2dmnayet i dine(PaC). | tt hbst kdenlpyot oasst etr
hi ndrcayclei,zat i-sounb susitrug edi met hyl evmaest rui npshuecncyel spshi
The study did not address the reactivit-y towa
based study;swacsh caonn daupcpreadach contri butes to e

met hodol ogi es.

NH,
R
NH, O N7
2 ‘ j\ ‘
j\ \ PhsP? “CN j‘\ \
0”°N > 07N
Ribose Ribose
5-formyl cytidine (f°C) paC

Schemeé&PHot ochemi c®3 wkcaybken oinmegt hoyfl ene t r i p h®icehleyaeso sapdhaoprtaende fyrl o no

previods report.
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Asel ective and rapid reaction between a Wit
under bi ocompapri 6V &daboghechibeil dMmngt i ng reagent,
triphenyl phosphwiitshml fyénide, aciedicrt an srleastulotnad f c
modi ficationS Homdni bgt vae et 2¢ thlef uerl exnd ophel ina
carbanion of théThgeidpp(Sabkmal 4011l hvwlliveeas t h
t hat a-c e mpvattieb |l e By absingi agi gmoups. The rea
reagents-swiatoh  azimg groups was tested, wi t h
using-amdnai substituted Wi ttig ) )rlemagartsgiifdgeéto
strongewi ehdctaawong substituents increased the
Usubstituents .deAlrem,setdhda her esagrece of the Wit
contributes to rapid r eametdiican.c oNptaa b Ibyl,e sWiahkli
an alkyne moiety were synthesized and named ac:c
WYnelNlhe formasaddocof wiaiss Bed oumpder aqueous Ccon(
through the reaction between the Wynadopuothes
formed with the various Wyne emrvdilreosn me@ag sexam
neutral, acidi c, basi c, and reducing conditic
sul fenic acid was examined in both | iWyemeA549
adduct formation. |l I nl addsti,ombéndiébygdD HeEkageges R
NI H3T3 were used-thggeaeds Wy me NBLOEIgHMo b eTntedigsrn gl. i
conjugation method facilitates the delivery

observation of changes i.n mitochondri al cyste
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X
Br
WYneC WYneO WYneN
SOH
Target j o
S
+ > Target ~ \HLX/\\\
PPh,

WYne probe @ X= CH,,0, NH

Scheme 111. General scheme depicting the reaction between sulfenic acid and-Wiktig¢ probes. Thechemewas adapted

from a previous repor?.

1. 208hRPmMos phkorseesd Reactions

By using thiophosphorodichloridates as a
histidine | abeling was achieved on pePAides,
diverse arrayascfedproéeghowapdgrt lte sriezaegde ndarsd t e
reaction. tihntehaskpihued lodri,i dat e ( TPAC) emerged a
for chemoselective bioconjugation on histidin
contrasphosopthhoerrous eil eicttedophiedesedxheacti vit
|l ntroducing a thiophosphoami date backbone was
chloride BRAGtpravtednusef ul f or bi oecoont thaoignoinnag
cargo, yielding bioconjugates (around 60% yi el
Notabl vy, the | abeling reagent exhidudgepeptil e
and proteins, with negligible reéarcta vviaryi dtoywaa
condi,gdummsas high temperature, acgctihtechcopbaspbko
hi stidine adduct remained stable. Furthermore

cell ,Hdgmanhesrating effective | abeling of hist]
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S g fo) N=N
N=\ 2,07 N= €
NH gy R A/Nfsl?:od\/N\.

Protein 2 @, Protein
Scheme 12 Hi sti dine modification with TPAGcdmtldiowieng béyawagsd .c kT heeh e
adapted from? previous report.

Et hynyl phosphonami dat esh o sfpohromme d? @ewiadela &t & dvdei
formation of stable thiol adducts onTphretein
i nnovative apph@o aac g hogsemph ovreist e r eac thiuoin db entgwe
bl ock and et hlyenaydipnhgo stpoh armiet § or mati on of et hyn
by remarkablesstwbhideetoynparsdt *dMor eSovkemet helS8p
of ethynyl phosphonami dates for cysteine resid
ant i bwidtiresopt i mal conjugation occurring at pH
addition of t hi ol to the alkyne moiety in et
conventi on-kai nkade cpohnodsepghaotineabmiodlatceonj ugat es exhi
stability, ashtHHEKmMoalsh rlay ®at e nexperi ment. Addi't
mut aGFtP eprotein cpenegpapHinteaahcehked in |ive

ethynyl phosphonami dates

QFEt Target -~ >
T .7N3 HN OEt 9 SH N /.
=P okt P’ Target S HN
Staudinger phosphonite // o K/'P’OEt
reaction 7 %

Scheme 13. St aud”Rmgsephoni te reaction and chemoselective modificati

scelwms adapted fr.&m previous report
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1.3. Conclusion

In conclusion, this chapter has described a diverse range of phosphseds
bioconjugation approaches developed to label peptides, proteins, naciggc and cellular
systems by employing various phosphorous reagents. The reactivity of nucleophilic amino acid
residues such as cysteine, lysine, and histidine, and less nucleophilic ones, such as serine and
threonine, havdeen explored in these bioconjugation strategies. Moreover, the methodologies
presented here contribute significantly to the bioconjugation toolkit. Despite the availability of
several reported phosphofrbased approachesany classical phosphorbssed reactions remain
unexplored for bimolecule labeling. Hencelevelopingnew phosphorusnediatedapproaches
based on these reactions will further broadensitepeof bioconjugation.Chapters 3 and 4

showcase t he pirusingmphlosisorus dvmpeunas dodnedifymolecules.
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Chapter 2: Fluoroalcohols for chemical modification of nucleic acid and saccharide
Part of this work has been published andoted from: Nuruzzaman*, M.; NizamZ. M.;
Ohata, JTetrahedron Chera024 11, 100088. (* signndicates equal contribution).
2.1. Introduction

Chemical modification of biomolecules employs many strategresuding enzyme
mediated approaches, the design of special molecules, and saggestéd methods, to overcome
challenges associated with the bioconjugation procassh as reactivity and selectivity. For
instance, selectivity and high efficiency in bioconjugation can be achieved through enzymatic
approache$. Alternatively, effective bioconjugation can be achieved without enzymes by
designing special molecules, such as chemical probesdaet with one specific functional
group? proximity-induced reaction$ and photocatalytic reactioisln addition to these
approaches, neaqueous solvents can be used as an alternativeani@d biomolecule
modification?® offering distinct advantages, even though aqueous media are traditionally
preferred as a medium for bioconjugation. Among the-amureous solvents, fluoroalcohols,
trifluoroethanol (TFE)and hexafluoroisopropanol (HFIP) have long been recognized in organic
chemistry More recently, thehave emerged as unconventional yet powerful solvent systems for
the development of bioconjugatiorethods.

Because of their unique attributes, synthetic organic chenastipioorganic chemistry
have been using TFE and HFIP as media for deprotection and condensation réadtens
fluoroalcohol solvents are known to exhibit distinct functions from typical alcoholic solvents. The
fluorine atoms make the hydroxyl group serve as an excellent hydrogen bonding donor and become
more acidic (Figure 2.1A). The presence of fluorine atemableshe stabilization of carbocation

species and exceptional dissolution caligbOne traditional use of fluoroalcohols is for theld
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deprotection of acidensitive functional groups in small molecules by leveraging their acidic
nature® Another common use of the fluoroalcohols is for amide coupling reactiontheunsk of
fluoroalcohol solvents for small molecule synthesisxtensively reviewed ithe literature® !
Additionally, in the biochemical and bioanalytical fields, TFE and HFIP have been widely
usedt?13

This chapter describes recent reports of chemical modification strategies of biomoplecules
specifically nucleic acids and saccharidesing TFE and HFIP (Figure 2.18)highlighting the
growing interest in bioconjugation approaches developed in these fluoroalcohol solvents.
collection of various chemical transformations discussed herein indtbatespid growth of the

solventassisted bioconjugation field.

A

general properties

hydrogen R aciditic proton carbocation dissolution
bond o pKa stabilization capability
donor TR H EtOH: 18

: H
o o iproH: 17
= rOpe TFE: 12 [ @R
: HFIP: 9

B This review: bioconjugation in fluoroalcohols

OH OH
(4 J Py
\w e 5 FaC F4C” "CFs
nucleic acid, or trifluoroethanol hexafluoro-
or saccharide  HFIP (TFE) isopropanol
(HFIP)

Figure 2.1. Fluoroalcohols such as trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) in chemistry and biology fields. (A)
Depiction of general properties of TFE and HFIP (B) Theme of the review: bioconjugation of nucleic acids and sacchifides in T

and HFIP. Te figure was reproduced with permissfoom ref!4 Copyright2024, Elsevier Ltd.
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2.2.  Nucleic acid and saccharide modification

Although fluoroalcohols have been widely used in polypeptide bioconjugation, chemical
modification of nucleic acids and saccharides in fluoroalcohols remains limited. To our
knowledge, fluoroalcohols have been unexplored  for  bioconjugation  of
oligonucleosile/oligonucleosidesexceptfor the traditional deprotection process for the DNA
encodedibrary,>%as well as for oligosaccharidéBhe examples in the following sections are
chemical modification of small biomolecule building blocks, which are distinct from the
deprotection reactiond''® and those reactions have tackled the reactivity and selectivity
challenges of the labeling processes.

2.2.1. Nucleic acid modification

Rutheniumcatalyzed photoredox alkylation of nucleoside derivatives can be successfully
achieved in hexafluoroisopropanol (HFIP) using alkylboronic acid and hypervalent iodine reagents
(Figure 2.2AY°Upon irradiation of visi bl[Rulbpykl@zot ( . 40
tris(bipyridine)ruthenium(ll) chloride would induce singdéectron transfer (SET) that reduces the
hypervalent iodine reagent (acetoxybenziodoxole), generating an -loalbeel radical
intermediate. The iodineentered radical v&aproposed to produce an alkyl radical derived from
the boronic acid reagent, which eventually would be added thi-theteroarene substrates. For
instance, a purine riboside substrate was alkylated with propylboronic acid. Solvent screening
using a model substrate;chhloroquinolone, showed that HFIP was crucial for obtaining a good
yield (88%), compared to other solverike dichloromethane (33%) and acetonitrile (38%). The
reaction could proceed even without the photocatalyst by relying on anotheal-tmdied
mechanism, which is potentially relevant to known HRiBdiated HO: reactions’. Although the

DFT calculation ofthe reaction mechanism did not indicate potential involvement of HFIP, it is
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known that HFIP enhances the reactivity of boronic acid for various chemical transformations,
such as the Beckmann rearrangemientincreasing the electrophilicity and Lewis acidity of the
boron centef®?! Furthermore, HFIP can enhance hypervalent iodine chemistry during the
nucleophilic substitution, oxidative cyclizations, and aromatid @mination processé$?* and
collectively, HFIP could be playing multiple roles in this labeling reaction.

Electrochemical formation of arylexafluoroisopropyl ether on purine derivatives proved
feasible in HFIP, which is useftdr secondary functionalization with other nucleophiles (Figure
2.2B)?° Ether formation on the purine scaffold of caffeine and theophylline compounds was
enabled by borondoped diamond electrode for the electrochemical reaction, as the electrode was
also effectivein a different electrochemical reaction of areffelsloreover, the HFIP moiety on
the heteroarene ring after the labeling process serves as a leaving group, facilitating further
functionalization of the ether through nucleophilic aromatic substitution processes. The secondary
modification allows for the imbduction of various functional groups, including amiaed thiot
derived motifs, demonstrating the utility of the ardexafluoroisopropyl ether formation
reaction. This method seems to require methyl groups to protect some of the NH groups of the
heteparene system, and further improvement may be necessary to utilize the methual for

modification of unprotected nucleoside/nucleotide derivatives.
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Figure 2.2. Functionalization of purin®ased substrates in hexafluoroisopropanol (HFIP). (A) Photoredox Minldclkylation
of purine riboside substrate with propylboronic acid in HFIP. Ru photocatalysis: [Re]@pyvith >400 nm light. (B)
Electrochemical €H functionalization of caffeine (R= Me) and theophylline (R=H) using HFIP. Condition (i): 7.2 nfAZctnF,
5 h. Condition (ii): 22.1 mA/c# 2.61 F, 1.75 h. The figure was reproduced with permissionifeffi Copyright2024, Elsevier
Ltd.
2.2.2. Saccharide modification

Trifluoroethanol (TFE) and HFIP could act as a weak nucleophile and offer unique
selectivity forO-alkylation of saccharide derivatives (Figure 2.3AJhe study by Codée and-co
workers demonstrated stereochemical controf3-afkylation of a protected saccharide based on
nucleophilicity of alcohol reagents. For instance, whereas alkylalcohols (e.g., ethanol) and

monofl uorinated al kyl alcohols favored the b

pref er en caduct The authars pldpogetchanistic pathways to explain the observed

stereochemical outcomes. Strong nucleophilic alcohols tend to undergo a concerted replacement

mechanism (&-type), while weak nucleophiles like TFE and HFIP facilitate cationic
intermediate formation through amIStype mechanism. The study also highlights the potential
importance of fluorinated alcohols in interacting with or stabilizing cationic intermediates, as

acylium ions are proposed as a potential reaction intermediate.
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HFIP is a useful solvent fane S-alkylation reaction of sulfubased saccharide derivatives
to access a class of sulfonition glucosidase inhibitors (Figure 2.38)Salacinol is a naturally
occurring sulfurcontaining saccharide with a sulfur atom incorporated into the ring and acts as a
p ot eghutosidase inhibitor used for diabetes treatri&he relatively higher nucleophilicity
of thioethercontaining saccharides would be expected compared to typical ckgged
saccharides, which is somewhanhi#ar to the case of methionine in protefig.he use of HFIP
as a solvent for the reaction of suthased saccharide resulted in higher yields of alkylated
product (94%}hanthat of acetone (59%), likely due to the enhanced solvation of transition states
and potential adduct formation in the HFIP system. This observation may be hinting at the potential
utility of fluoroalcohols for other thioether bioconjugation chemistryliappons.

Lewis basecatalyzed cyclization reactions in fluoroalcohol solvewtsre developed,
leading to the formation of spiroketals that are akin to saccharide structures (Figuré ZI13€).
reaction utilized a chiral Lewis baseelenophosphoramideand phthalimidébased reagent.
Fluoroalcohol solventsncluding TFE, HFIP, and perfluorinatéert-butanol,were screened for
the spiroketalization reaction, showing that HFIP was found to offer better diastereoselectivity
(4:1) and modest yield (45%) compared tbestsolvents. In contrast, TFE provided the highest
yield (70%) but with a lower diastereoselectivity of 3:1. Nonafluteré-butanol was not an
effective solvent for this reactipproducing a trace amount of the product, which was ascribed to
the poor solubility of the reagents in this solvent systBrE and HFIP may play a role the
potential stabilization of various cationic intermediates throughout the reaction processes (e.g.,

stabilization of sulfenium and oxocarbenium ipns
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Figure 2.3. Modification of saccharide substrates in trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP}a(l)l&ion
of glucose derivatives with a set of alcohol nucleophiles. The structure of the reaction intermediate is shown at ¢ttemight b
Box showng the diastereomeric ratio and yield determined by NMR spectroscopy.-di)ylI&tion reaction of sulfubased
saccharides with sulfate reagents in HFIP and acetone. Box showing the yield of isolated product during solvent scyeening. (C
Lewis base catgzed spiroketalization reaction of unsaturated hydroxy ketone substrate using a set of fluoroalcohol solvents and
the reaction intermediates during spiroketal formation mechanism. Box showing the ratio of major and minor diastereomers and
isolated yieldN.D.: Not determined. The figure was reproduced wahmission* Copyright2024, Elsevier Ltd.
2.3.  Conclusion

While their broad utility in various chemistry fieldgas well recognized for decades,
fluoroalcohols have recently emerged as a unique solvent system for bioconjugation development.
Fluoroalcohols such as trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) have shown
significant potential in the chemical whfication of nucleic acidand saccharides. For example,
many chemical modification processes were facilitated by notable functions of those

fluoroalcoholsjncludingphotoredox and electrochemidahctionalization, Lewisbasecatalyzed

cyclization, stabilization of reactive intermediates, and selective alkylation. Moreover, the
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examples of photochemical and electrochemical approaches (e.g., Figursu@y@st these
strategies can be expandedlabeling other biomolecules as well. Indeel@ctrochemistrnhas
recently been demonstrated to be conducite the generation ofredoxinnocent
hexafluoroisopropy! anio?,andactions of unique chemical speciadluoroalcohols may be key

for future development of the area. Despite the advantages of fluoroalcohols, fluorealcohol
mediated bioconjugation remains limited, highlightingrieed for future research to explore and

expand their scope for nucleic acid, sacchaade broader biomolecule modification.
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Chapter 3: Phosphinemediated modification of amino and azidecontaining
polysaccharides in ionic liquids.

Part of this work was previously published andmed from: Hall, Y. D.; Uzoewulu, C. P.; Nizam,
Z. M.; Ishizawa, S.; EBhaffey, H. M.; Ohata, £hem. Commur2022 58 (75), 1056810571.

3.1. Introduction

The functionalization of polysaccharides using chemical methods is a crucial tool in the
research areas of both chemistry and biology. Introdusinvgl functionality via bioconjugation
to structurally and functionally diverse polysaccharides such as chitadginate? cellulose?
dextran? and hyaluronafedemonstrated their potential for various applications. For instamce,
an azidealkyne click cycloaddition reactidi’®® chitosan (Scheme 3.1) anchored with
phenanthrolindased ligands and copg@rcomplexes sensasaneffectivecatalyst! In addition,
by modifying hyaluronic acid (Scheme 3.1) with functionalized hydrazides, it is possible to create

versatile biomaterials as hyaluronic acid hydrogels for applications such as drug delivery.

OH  OH
o) 0\ OHO-0
Ho%o HOA—= 20—
HoN
2 n OIQ

Chitosan Hyaluronic acid

Scheme3d.Chemi cal structure of polysaccharides, chitosan

Major challenges of selective labeling of polysaccharides derive from their chemical diaedsity
highly oxygenrich nature. The polyol structure not only makes it difficult to selectively label
specific functional groups, but the presence of multiple hydrophilic groups also contributes to their
low solubility in organic solvent¥. Additionally, polysaccharides have a tendency to form unique,

complex and intricate threglimensional structures and aggregates, which makes it difficult to
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develop a universal labeling method that can be applied to different polysaccharides titence,

development of a chemical labeling method for individual polysaccharides has been inevitable.
lonic liquid-based bioconjugation strategy is becoming a more prominent method to

produce polysaccharide conjugates. lonic liquids are ionic salts with a nasiimgof less than

100 °C!! lonic liquids are advantageous for bioconjugation reactions due to their modular

properties allowing for the selection of different counter ions suitable for a substrate of interest

(Scheme 3.2).

Cation species Anion species
(o) @.R o)
() /=N 1 (0]
_ S
R NR RN_J F3c—($j—o )LO@
Pyrrolidinium Imidazolium eOTf %Ac
‘ X
®_ R
N R,‘P@R F\e,F O\\/(/) Q\ ’p
‘ | B S ScF
R R F F F3C g 3
I o
Pyridinium Phosphonium BF, ®NTf2
Scheme 2.Se | eccateidon and ani on components of the ionic

One of the most notable examples of ionic lignaked bioconjugation includes the use of
ethylmethylimidazolium acetate (EMIM OAc) for labeling of cellulose and chités&ms this
ionic liquid displays greater dissolution propesthan common solvents such as organic solvents.
Also, the enzymatic processing of various carbohydrate derivatives has been surveyed in ionic
liguids * Nevertheless, to date, carbohydrate bioconjugation in ionic liquids is still in its infancy
and reles on conventional chemical reactions (g.gubstitution and amide condensation

reactions).
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Herein, my work focuses on the application of the phospimediated chemical labeling
strategy in ionic liquid for bioconjugation of amirend azidecontaining polysaccharides (Figure
3.1). Previous ionic liquibased proteit?'® and DNA"*® modificatiors in our labdemonstrated
excellent chemoselectivity and high efficiency in the aranele coupling reaction. We further
extended this chemical strategy, termed Bioconjugation in Nonagiizouesn Reaction Solvent
(BINDRS), topolysaccharide substratésurea group is formed through the amamde coupling
by incorporating carbon dioxide from the atmosphere. A surveth@fchemoselectivity of
phosphinemediated chemistry toward different types of amines revealed its exquisite selectivity
for primary alkylamines. This selectivity was exploited for labeling polysaccharide substrates
containingactive amine groups. In addition to the modification of anpotysaccharides, the
azidecontaining saccharidesd azidecontaining polysaccharidesuld be seldosely modified
by amine reagents. Finally, we demonstrated that chemical tagging ofiazédied saccharides

through amineazide coupling is possible even in cell lys&te.

A
R CO, 0 /—)ﬁ
. Ny PPhy J—NH

v ionic liquid —NH

Figure 31.Ph o s pnheidnieat ed bi oconjug®edoheabgpol gsacchariedesdi cates p
the star represents a | abelThdei qguases mafdifdime dopihgirealolryY rpalklt i vl

Copyright2022, Royal Society of Chemistry.

3.2. Results and Discussion

3.2.1. Modification of amine-containing polysaccharides

Phosphinemediated bioconjugation in ionic liquid has been applied to aconéining
polysaccharide substrates (Figure 3.2). Chito8ahh a polysaccharide bearing a primary

alkylamine group (Figure 3.2As widely used in nasparticleformation (chitosan nanoparticles)
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to encapsulate and deliver desired molecules for a variety of applications, and bioconjugation of
chitosan is a powerful tool to append additional capability to the nanoparticle é&iEnus, the
reactivity of chitosan towards phosphimediated chemistry was investigated. Alkylazide
functionalized biotirB.3was used for this study, as fluorescence signals frorbantin blot with
streptavidinfluorophore conjugate would be proportional to the labeling efficiency (Figure 3.2D),
as similar blotbase analysis of polysaccharidesstieeen reported previousty As a comparison,
diethylaminoethyl (DEAEXextran3.2bearing tertiary alkylamine groups (Figure 3.2A) was used

as a negative control and was also subjected to the reaction condiitces] astrong signal was
observed exclusively from the chitosan reaction with triphenylphosphine reagent but not from the
reactions of DEAEdextran3.3with PPh nor chitosan with O=PRBhwhich is an oxidized inactive

form of triphenylphosphine (Figure 3.2B and Figure S3.1). Moreover, the modification efficiency
proved dependent ahe concentration of azide reageh3, a cependence which would enable
incorporation ofa desired number of functionalities onto the polysaccharide for suitable

applications (Figure 3.2C and Figure S3.2).
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.—%3 3\/‘60/\‘}3 3 S
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0 0307515 3 3
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Figure 322 The phonepghianed reactiocnondmi alhintgo paorl yamicecéd ar i de. Typi ca
chitosan or diet-hgkxamamoel haya)i/ d eD E(AEDMMNIt ,inmn di ® Pihoni ¢ | i qui d a

Error bars represent standard deviaj)laemd(dexAERN. (BA) B@hemirag

showing the fluoresclkinetei n nbleotsi tgr f moadi f-dheattarinaam @©OF +od/i tmils),n

azi3de3 mM) , s(a3ndmM)Phin ionic liquid at 37 AC for (Z)hA Bioor ob:
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fluorescence ibntoens<i tby oaf ftore modtiif i cati on of -azh3dwBod aRPWwi t h d
(D) Chemical structur-azidt.eBhlee fignctei vasl Pwipd bhipeteihn § $ ioomn Rferf

Royal Soc i e tGopynght ©Q0R2RuyalsSbciety of Chemistry.

Consistent with our previous report of DNA modificatidra variety of ionic liquids is
amenableo this chemical transformation as wedicept for the reaction in BMIM NTf2, which
showed low labeling efficiency, presumably due to the poor solubility of chitosan in this ionic
liquid (Figures 3.3A, 3.3B,and Figure S3.3)The robustness of the phosphimediated
modification reaction in different ionic liquids reinforces the value of our approach because a type

of ionic liquid as a reaction medium would be critical for certain carbohydrates with regards to its

purification.
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Figure 33. The phonemghianed reaction on chitoApnBasiggaphvahowitgyggofh
intensityioti nhédlantifor | abeling chitosan in a variety of ic¢
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Chemistry.

44



3.2.2. Modification of azide-containing saccharides

The amineazide coupling reaction can be applicable for labeling of azid¢aining
saccharides as well. Due to the significant growtthebioorthogonal toolbox with a range of
polar reactions and cycloaddition chemistries, there is a large availability of-tagugkd
carbohydrates in thenarket and literatur& For example, by using a lmdhogonal chemical
reporter such as an azide, it is possible to labglydoproteins orthe cell surface and visualize
the labeled Nglycoproteins by copperee dick chemistry?*

As modification of amineontaining polysaccharides has been successful with excess
azide and phosphine reagents, we hypothesized that azidocarbohydrates could be chemically
labeled with excess amine reagents in the same fashion (Figure 3.4A). To Yhédatpothesis,
LC-MS and NMRanalyses were conducted on a small molecule substrate;pyzetes, using an
excess amine reagedb. The purified reaction product of this reaction showed the formation of
the same product as the previously reported re@étid aminepyrene and azide reagedi in
H NMR, displaying the distinct peaks for the newly formed NH groups (Figure 3.4B, Figure S3.5

and S3.6).
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Figure 34. Ph o s pnheidnieat ed bi oconjugation of azide containing sacche
Reaction comdipybesne 4§ A2ZdedtnhM)x y e2t h o x3F. X516 h asnMazsh2 KedYD and PPh
(125 mM) in 1:8:1 mixture of DMF, MeCN and BRKMPyNMR aantal5y0siAC of

the reaction of an azide substgathe (Modidjiedompahedxwesh ahky
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3.2.3. Modification of azide-containing polysaccharides

Encouraged by the promising results of the small aezadeaining saccharides,
modification of polysaccharides containing alkylazide groups with different types of
functionalized amine reagents was tested (Figure 3.6A). Hyaluronic acid is a polysaccharide
composed of glucuronic acid and acetylglucosamine units and has been applied for various medical
purposes that include the use of chemically functionalized hyaluré¥tat@long with this
application, labeling of hyaluronic acid with bioorthogonal hasidéeg, azide, terminal alkyne,
and cyclooctyne) haseen increasingly studied as wé#32° The reaction of the azidabeled
hyaluronic acid in ionic liquid proceeded smoothly with excess fluoropdnmiae3.10 compared
to the parent hyaluronic acid, analyzed by fluorescence imaging on a blot membrane (Figure 3.6B

and Figure S3.4A).
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In addition, bioorthogonal handles such as terminal alkyne (propargyl &rifhe@nd
amino PEG4alkyne 3.12 and transcyclooctene3.13(TCO-amine) can be incorporated through
this method, and the secondary modification with corresponding bioorthogonal chemistry proved
feasible using azide (coppeatalyzed azidalkyne cycloadditionf® and tetrazine (inverse

electrondemand DielsAlder reaction)* respectively (Figure 3.7 and Figure S3.4B and S3.4C).
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zebr a®®»®fPieshh.odate oxidation specifically targ
monosaccharides of glycoproteins, such as sia
react with hydrazine or hydoatzhdel yeagenos hao
kidney (HEK) 293T cell s, sodium periodate sol
oxidizing reagent, the oxidized cell |l ysate we
gr o3u.pl i gure 3. 10A)o.f Tthhee iarztirdoed wctoiugpn t o t he |
wekbtabl i shaetdalcyozagddkryanzei dcey c | oaddi t {PEGallr kganéei on

(Figure 3.8A).

cell lysis
= Y

HEK 293T cell '0H

sugar residues Glycoprotein

Y

Nalo,

o 3.14

’H HZNaﬁk/\o%vo%/\NS V

\ Azido-PEG4-hydrazide o
.

oxidized sugar

Scheme 8.Sc hemati ¢ showing introduction of azide groups int

50



(0]
B azide + - r -
(kDa)
« 130 —
L
=
[
S
& 55—
g
° 35
£
15 —
10 —
anti-biotin total stain
western blot (Ponceau S.)

Figure 38.Copper Cl i ck cthaegw esd (rlyy soéh easzii cdael PtErGuic tal rkéy5n(ceB b ibA otit in n

western blot and total stain (Ponceau S.) of the bimdinyl ati
without the azi®PEGHIrlkeputeSRen ctthi obni octcamdi ti ons: cel |l Il ysate wi
mg/ mL), sodium ascor bariM s(t2 cnkM sfoilnuatli ocno)n,c TTHRaTM M o2 k mMof uhab

biotimlk®Ge (0.6 mM-MiNM nsatl o cokm pGafBdd®im MM f i nal c o mtMe nsttroactki on f
solution) in 1X phosphate .Phéferedr sawase®Pwiptoto e remitsad ioamo Rfarir
Royal Soci e tGopyoght ©Q022 Raoya $ociaty.of Chemistry.

After confirming the successful-taggedpaceat
l ysate was tre@ztoend awint3m g&bldk wird mihreemy | phosphine

and the reacti onbiwatsi na nvaddytgeddreOdbd matn t3i. 1 0) . Fl

signalsst rwenrgd y obser ved -tfargogne dt hsea npxA ied i ozne dt/ haez i |

whertehaes negative contr ol condition without th
Thus, t he -biasmeidc alpipgwiaé hslpatovelde i nto even a
bi omol ecules such as mammalian cel |l |l ysat e.

51



T

N

z
2
N ZT

w
molecular weight

w
W

western total
blot  stain

Figure 39.(A)Chemi c al strfuct wrieomd| iazn'echebi ot i n us-bdot hnttwestceth bl
tot al stain (Ponceau S.) of the biotinylating reaction of hu

the azihe ftiaggure was ¥Ywiprhdperemi §$3ioomn Rfefom t CepyriBt® 2022, Soci et y

Royal Society of Chemistry.

A
(@) 3.14
H O
B anti-biotin western blot total stain (Ponceau S.)
azide + + - - +  + - -
o - - (kDa)
— — — ! — 130
- - ad - .
e x [ - ol (I
- - - e - =5 2
2
- - - (- - —¥% 3
- —25 3
£

. 0
(N
1
L.
o o

N < <P <> < < < <

& g & & & & &
/ /7 y v
(o] o o (e}

Figure 310.P h o s pnheidnieat ealz iadmd nreeact i 0A) o@hemildal yBEGHysduBzild¢Blazi do

Andbi otin western blot and total stain (Ponceau S.) of the bi«
with and without the azide tag. Reaction conditizo@88: mdel | Iy
biotin3.alm@oOnemMyan dP Psf R®Mh mM) in BMPYyhOTfigaur 87waAL. Peprbduced

permi ssion from the opyight© 2822 dcoyal Sqocietpdf Chénhiseryni st r y.

52



3.3Conclusi on

In conclusion, the phosphirreediated chemistry in ionic liquid enabled the selective,
efficient labeling of polysaccharides containing amine and azide functionaliiesng a facile
and convenient method for carbohydrate bioconjugation research. Various polysaccharides with
intricate structures are amenatite this chemical transformatiomnd thus the amineazide
coupling method has proved its versatility. Moreover, thisc-liquid-based bioconjugation
approach demonstrated applicability to celidamples/mammalian cell lysate, and this potential
may facilitate the future applications of bioconjugation in-agneous medias a bioorthogonal

chemistrylike strategy.
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3.4. Experimental Data

General Information

All the chemicals including saccharidesvere purchased from commercial vendors unless
otherwise noted. Disialylnonasaccharfwethylazide (D4217) was purchased from Tokyo
Chemical Industry. Toluidine blue (01804) was purchased from Chemlmpex. Hyaluronic acid
(HA101) and hyaluronate azide (HE®01) were purchased from CreativePEGWork$ABRA
cadaverine (12425) and trangycloctyne (TCO)amine HCI salt (10225) were purchased from
ClickChemTools. Chitosan practical grade shrimp (417283), DEAEdextran hydrochloride

(D988510g), and amind®’EG4alkyne (764248.0MG) were all purchased from Sigmddrich.

Instrumentation

NMR was performed on Bruker AVANCE NEO 500 MHz.

LC-MS analysis of saccharides and small molecule models were performed on Shimadzu LCMS
2020 with a 2.6 &€m C18 column (50 I 2.1 mm).
acetonitrile (590%) in the presence of 0.1% formic acid. The analysis of thetioeas was

performed by the UV detectiaf saccharide at 280 nm.

MALDI -MS was conducted on a Bruker Daltonics AutofEBXOF. A sample (0.5 o
mi xed with an equal volume (0.5 or 1 L) of
H20/MeCN/trifluoroacetic acid) on a growsteel MALDI plate (Bruker 8280784). SuppHB

or gentisic acid (DHBA) was used as a matrix.

Gel fluorescence and western blot imagingvas performed on Amersham ImageQuant 800

(Cytiva). Gel or blot imaging was conducted using-86@ 535nm, and 635 m light sources

with correlating emission bandpass filters at 525 nm (x20 nm), 605 nm (x40 nm), and 705 (x40
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nm), relatively. Antibiotin western blot was conducted with streptaw@yb conjugate (Jackson
ImmunoResearch 01670-084, 1:2,000 dilution) after blocking with 5% BSA in TBST buffer.
Cell culture

HEK 293T cells (ATCC, CRI3 2 1 6) were cultured in Dulbecco
(DMEM) with Glutamax, 10% fetal bovine serum (FB&)d penicillin/streptomycin (0.5 mg/mL)
using 10 cm Petri dishes (Sigmddrich 280721) under 5% Cat 37 °C.

Experimental Procedures

General procedure for acetone precipitation

Cold acetone (60@.200pL, -20 °C) was added in one portion to the reaction mixture (typically
20/ 40 pL) in a 1.7mL Eppendorf tube. The mixture was mixed by flipping the tube ujkichan
multiple times and kept aBO °C for 1h or overnight. Once removed from the freezer, the mixture
was centrifuged (15,000 rcf, 15 min, 4 °C) to obtain the precipitates. Then, the acetone was
removed, and the pellet aried onthebench at rt for 15 min. For MALDMS analysis, the pellet
was further washed with an additional cycle of acetone and centrifugation ted@iedrying
process. The dried pellet was reconstituted i0QuUL of water and analyzed blye respective
analytical methods.

Chitosan modification (a procedure for Figure 3.2)

To EMI M OAC (20 ¢ L-dextrarC(hmgind Snal noncentratibnBrantE10 mg/mL
stock solution in 1:1 BMIM: 4M acetate buffer), biotiPEG3azide 8.3) (0.3-7.5 mM final
concentration from 1875 mM stock solutions in DMSO), and RBBhO=PPh (0.3-7.5 mM final
concentration from 1875 mM stock solution in DMSO) were added. The fe@hcentratiorof

H20 was kept lower than 6% v/v. The reaction mixture was incubated if@iBcubator for 2 h

and subjected tBostreaction cleanup process fohitosan experiments.
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Postreaction cleanup process for chitosan experiments

To the reacti on mmbLEppandaftube2admixtule pf 5:1 acet@ne/methanol
(600 €L) was added i n one po rdownshaking dhthensitmi xt ur
at-80 °C for 1 h or overnight. The precipitates were collected by centrifugation (15,000 rcf, 15

min, 4 °C), and acetone/methanol was removed. The pellet wakiad on the bench at room
temperature for 15 min. The dried pellet was
5) and analyzed by dot blot methods.

Immunodetection of biotin tag of chitosan using antbiotin antibodies

The reconstituted sampl es ( OCabd tleh 3pottedeont® h e a't
nitrocellulose membrane. Eosin Y solution (0.1 mM final concentration in water frem\50

stock solution) was used for the total stain purpose for 5 min, and the membrane was rinsed with
water twice. The stained membrane was imaged by ImageQuant 80@ito thet colorimetric

image. Then, the membrane was washed twice with TBST buffer for 5 min, blocked with 5% BSA

in TBST buffer at rt for 20 min, incubated with straytlin-Cy5 conjugate (1:2000) in the blocking

buffer at rt for 40 min, washed with TBST buffer three times, and imaged by ImageQuant 800.
Typical saccharide/small molecule model modification in ionic liquids

Toionic liquids (typically 104 0 ¢ L f or anal ytical scale), pota
(20 mM final concentration from-®1 stock solution in water), saccharide or small molecule (0.02

0.7 mM final concentration from 250-mM stock solution in \ater), alkyl azide (8125 mM final
concentration from 10A000mM stock solution in DMSO), and PAor O=PPh (31 125 mM

final concentration from 10G00-mM stock solution in DMSO) were added. The final
concentration of kD was kept lower than 6% v/v. The reaction mixture was incubated 80 37

°C for 2 h.
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Typical procedure for modification of hyaluronic acid derivatives

To EMIM OAc (20 ¢€L), hyaluronic acid dmekivati\
stock solution in HO), amine reagent (10 mM final concentration from 25®&M stock
solutions in DMSO), and PRbr O=PPh (20 mM final concentration from 25&M stock solution

in DMSO) were added. The finabncentratiorof H20 was kept lower than 6% v/v. The reaction
mixture was incubated in a 3T incubator for 2 h and subjected to precipitation before analysis.
Hyaluronic acid derivative modification with TAMRA -amine (a procedure for Fig 3.6B)

The modification procedure follows a protodolpical procedure for modification of hyaluronic

acid derivativesn 20 pL scale with following conditions. Hyaluronic acid derivatives (2 mg/mL

final concentration from 4@ng/mL stock solution in D), TAMRA-NH:2 (3.10) (20 mM final
concentration from 25enM stock solution in DMSO), KHC&(20 mM final concentration from

2-M stock solution in HO), and PPor O=PPh (20 mM final concentration from 560M stock

solution in DMSO) were added into EMIM OAC and inatdd for 2 h at 37 °C. To the reaction

mi xture (2@Lc¢Eppéemdarfl. ube, a 5:1 mixture of
added in one portion, mixed by upsidewn shakingand placed overnight aB0 °C. The
precipitates were collected by centrifugation (15,000 rcf, 15 min, 4 °C), and acetone/methanol was
removed Thepellet was andried on the bench at room temperature for 15 min. The dried pellet
was reconst it ut20,dspotted toftoa Ryldn mgembrae (MilliporeSigma
#11209299001 rnd washed overnight with 1:1 MeOH/DMSO, and the fluorescence intensity was
guantified by ImageQuant 800.

The reconstituted samples were also spotted separately on a new membrane and stained with
diluted Toluidine Blue solution (3 mM final concentration in water from-28@ stock solution

in DMSO) for 5 min and rinsed 4 times with water. The stained membrane was imaged by
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ImageQuant 800 to obtain the colorimetric image. For the quantification purpose, the experiment
was done irtriplicate but on different days, and the fluorescence intensity was quantified using
ImageJ software.

Hyaluronic acid derivative modification with Propargyl-NH> and Alkyne-PEG4-NH:> (a
procedure for Fig 3.7 withcompounds3.11 and 3.12).

The modification procedure follows a protodolpical procedure for modification of hyaluronic

acid derivativesHyaluronic acid derivatives (2 mg/mL final concentration frormag/mL stock
solution in HO), propargyl amine(3.11) or alkynePEG4amine (3.12) (20 mM final
concentration from 25énM stock solution in DMSO), KHC&(20 mM final concentration from

2-M stock solution in HO), and PPhor O=PPh (20 mM final concentration from 56@M stock
solution in DMSO) were added into EMIM OAc and incubated for 2 h at 37 °C. To the reaction
mi xt ur g,in@a.BmL &£ hpendorf tube, a mixture of acetone/methanol was added in one
portion. The precipitation was perf o-20f@.d wi t h
After the addition of acetone/methanol, the mixture was mixed by ugsiada shaking and sit at
-80°C overnight. The precipitates were collected by centrifugation (15,000 rcf, 15 At, @nd
acetone/methanol was removdthepellet was aidried on the bench at room temperature for 15
min. The dried pellet was reconstituted with T 2CH spotted onto nylon membrane and rinsed
with MeOH for 5 min, then membrane was washed with water twice and subjected to chemical
blotting®® for 30 min with the following conditions: THPTA (0.1 mM final concentration from 0.1

M stock solution in HO, sodium ascorbate (1.5 mM final concentration froraNd dtock solution

in H20, CuSQ (0.1 mM final concentration from 100 mM stock solution i#fOh, and coumarin

azide (10 pM final concentration from 20mM stock solution in DMSO) in 5 ml of 2Q/BIMSO.
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The reconstituted samples were also spotted separately on a new nylon membrane and stained with
the toluidine blue solution (3 mM final concentration in water from-2®H0 stock solution in

DMSO) for 5 min, and the membrane was rinsed 4 times with waterstBimed membrane was
imaged by ImageQuant 800 to obtain the colorimetric image. For the quantification purpose, the
experiment was done in triplicates but on different days and the fluorescence intensity was
guantified by ImageJ software.

Modification of hyaluronic acid derivatives with TCO-NH> (procedure for Fig 3.7 with
compound 3.13).

The modification procedure follows a protodolpical procedure for modification of hyaluronic

acid derivativesHyaluronic acid derivatives (2 mg/mL final concentration frormdg/mL stock

solution in HRO) TCO-NH2 (3.13) (10 mM final concentration from 25&M stock solution in

DMSO), KHCG (20 mM final concentration from-®1 stock solution in KO), and PPhor

O=PPh (20 mM final concentration from 56@M stock solution in DMSQO) were added into

EMIM OAC and incubated for 2 h at 37 °C To the reaction méxtur ( 2 Oa naxtune ,of
acetone/methanol was added in one portion. The precipitation was performed with cold
acet one/ met han oi{20 °C)Aftdr the alditioroof acedobedmethadngl, the mixture

was mixed by upsiddown shaking and kept &0 °C overnight. The precipitates were collected

by centrifugation (15,000 rcf, 15 min,°€), and acetone/methanol was remavEde pellet was

air-dried on the bench at room temperature for 15 min. The dried pellet was reconstituted with 50
mM MES buffer containingsulfCy 5 t etrazine (20 e€L,1 mM) and i
(600 eL) was added t o ptedipdation was penfermed again-8 6C s a mp |
overnight. After the centrifugation and removal of the supernatant, the samples were washed by

two additional cycles of acetone addition and centrifugation. The pellet waseaironthe bench
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at rt for 15 min after removing the final acetone solution and then reconstituted with 20 uL H20,
spotted on aylon membrane. The membrane was washed 4 times with 1:1 MeOH: DMSO and
imaged by ImageQuant800 to obtaifluorescence image.

The reconstituted samples were spotted separately on a new nylon membrane and stained with the
toluidine blue solution (3 mM final concentration in water from-28@ stock solution in DMSO)

for 5 min and rinsed 4 times with water. The stained membranewaged by ImageQuant 800

to obtain the colorimetric image. Fquantification purposes, the experiment was conducted in
triplicate on different days, and the fluorescence intensity was quantifiedlosiggJ software.

Cell Lysis

HEK 293T cultured cells without pol-lysine coating at 100% confluency (15 million) were
taken out, washed three times with PBS, separated from the buffer by centrifugation (1000 rcf, 3
min, 4 °C), placed ir80 °C for 30 min, and lysed in PBS buffer (960 pL) containing 0.1% SDS,
0.1% triton and EDTAree protease inhibitor (complete tablets, Roche-@881159-001). The

cell lysate was transferred to dmM. Eppendorf tube, and a homogenizer was useagorethe
complete lysis of cells. The cell lysatasvplaced for 30 min in ice before centrifugation (15000

rcf, 15 min, 4 °C)and the supernatant was taken out to run the oxidation reaction.

Periodate oxidation and hydrazone formation on saccharide groups of glycoproteins in cell
lysates (procedure for Scheme 3.3).

Sodium periodate (30 mM final concentration from 1000 stock solution in EO) or HO (as

a negative control) was added to a-thlZ Eppendorf tube containing cell lysates (310 pL total).
The mixture was incubated for 1h at rt before quenching with 20 % v/v glycerol in TBST buffer
(16.5 pL). 103uL aliquots were transferred to threedifent t ubes, and c¢col d ac

20 °C) was added to each tube. After the addition of acetone, the mixture was mixed by inversion
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processes and kept-80 °C overnight. The precipitates were collected by centrifugation (15,000

rcf, 15 min, 4 °C), acetone was removed, and the pellet wakiadr on the bench at room
temperature for 15 min. The dried pellet was reconstituted with BO of compl et e PB
(0.1% v/v SDS, 0.1% v/v triton and EDTi#ee protease inhibitor) followed by the addition of
azidoPEG4hydrazide(3.14) (MedChemExpress HY40814) (12 mM final concentration from

20-mM stock solution in DMSO) to both oxidized acahtrol lysates. After an overnight reaction,

acetone (600 pL) was added to the resultant mixtwti@ch was put at80 °C overnight.
Centrifugation (15,000 rcf, 15 mins,°€) afforded the hydrazone azide pellets which were air

dried at rt for 15 min and reconstituted in XRI5PBS buffer (0.1% v/v SDS, 0.1% v/v triton).

The lysate concentration was determined by Bradford assay, aodntentration®sf the azide

tagged and noetagged solutions were adjusted to the same.

Modification of azide-containing saccharides in cell lysates (procedure for Fig 3.10).

To BMPyYy OTf ( 13620 /MM &inkl )cgncerkratiGnCGrom-®1 stock solution), cell

lysates with and without hydrazone azide (0.91 mg/ mL), biotin arf8ri6) (20 mM final
concentration from 25M stock solution), and PRI®=PPRh (20 mM final concentration from

500-mM stock solution in DMSO) were added. The fioahcentratiorof H2O was kept lower

than 6% v/v. The reaction mixture was incubated at 37 °C for 2 h and subjected to overnight
precipitation wusing 1 : 180 tCo Theresoltant auspertsionnveas ( 6 0 0
centrifuged (15,000 rcf, 15 mins,°€), theairdr i ed pel |l et was reconstit
(0.1% v/v SDS, 0.1% v/v triton). To the recon
sampl e buffer (2. 5andused fon8DBAGEgdal elestbphoresis fore4d

min. The modified glycoproteins on the gel were transferred to a PVDF membrane (Biorad

TransBlot Turbo PVDF membrane L002048A). The membrane was then activated with methanol
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and washed twice with water befoR®nceaustaining to obtain the colorimetric image using
ImageQuant 800. The membrane was once again reactivated with methanol and washed twice with
water, followed by TBST buffer for 5 mins, blocked with BSA (50 mg/mL) in TBST buffer at rt

for 1 h, incubated with streptavidi@y5 conjugate (1:2000) in the blocking buffer at rt for 40 min,
washed with TBST buffer three times, and imaged by ImageQuant 8@@blécular weight

marker (Thermo Scientific 26619) was used forahalysis.
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3.5. Supplementary Figures
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Figure S3.1.Representative blot membrane images for thelzatin western blot (CyStreptavidin) and total stain with eosin Y

of chitosan and Diethylamirethyl (DEAE}dextran modification. Reaction Conditions: chitos¢ghl) (1 mg/mL final
concentration from @g/mL stock solution in 1:1 BMIM:-M acetate buffer), DEAEextran(3.2) (1 mg/mL final concentration

from 10-mg/mL stock solution in 1:1 BMIM:-M acetate buffer), biotin azid8.3)(3 mM final concentration from 166M stock

solution in DMSQ, and phosphines (3mM final concentration from-b8@ stock solution in DMSO) in EMIM OAC at room
temperature or 37 °C for 2 h (left membrane images). The experiment was repeated three times to obtain the standard deviation

(error bars, n = 3). Right mem#me images include a negative control without phosphine reagents at 37 °CToh2h. f i gur e was

reproducéedviftrhomeRenfi ssi on fr om t Gopyrighody2822, Reyal Saciety of ChenfiistryCh e mi st r y
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Figure S31. Representative blot membrane images for thelaatin western blot (CyStreptavidin) and total stain with eosin Y
solution of chitosan modification with different biotin azide/phosphine concentration. Reaction Conditions: chitosan (1 mg/mL
final concentation from 10 mg/mL stock solution in 1:1 BMIM:NI acetate buffer), biotin azid®.3) and phosphines in DMSO
solution as 7.5 mM, 3 mM, 1.5 mM, 0.75 mM,0.3 mM, and 0 mM final concentration from 375 mM, 150 mM, 75 mM, 37.5 mM,

and 15 mM, respectively. The reaction was done in EMIM OAB7&C for 2 h. The experiment was done in triplicates to obtain
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the standard deviation (error bars, n=Bhe figure was PFeptbdpeedi §sobmn REfom t he

C h e mi Gopyrigiht.© 2022, Royal Society of Chemistry.
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Figure S32. Representative blot membrane images for thetaatin western blot (Cy$streptavidin) and total stain with eosin Y

solution of the ionic liquid screening in chitosan modification. Reaction conditions: chitosan (1 mg/mL final concemtration f

10 mg/mL sock solution in 1:1 BMIM OAC/AM acetate buffer), biotin azid®.3) (3mM final concentration from 100 mM stock

solution in DMSO), anghosphines (3 mM final concentration from 150 mM stock solution in DMSO) at 37 °C for 2 h. The
experiment was replicatédree times to get the standard deviation (error bars, "EB8)e f i gur e was $wiptrhoduced

permi ssion from t he opyighlt© 26822 dRoyal Societpdf Chénfistrymi st r y .
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Figure S33. Representative blot membrane fluorescence (Cy3) and total stain (toluidine blue) images of pmosgiaitesl
hyaluronic acid (HA) and hyaluronic acid azide (#\4) modification in ionic liquid. Reaction conditions: Hyaluronic acid
derivatives (2 mg/mL), amine reagent {20 mM), KHCG (20 mM), phosphines: PPand O=PPEI (20 mM) in EMIM OAc at

37 °C for 2 h. (A) HA and HANz modification with TAMRA amine. (B) HA and HAN3 modification with propargyl amine (left)
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and alkynepeg4 amine (right) using coumarine azide as a secondary label on blot meff@3ri¢A and HANz modification
with transcyclooctene amine using sulfyanine5 tetrazine (1 mM in 50 mM MES buffer) as a secondary label. The experiment

was replicated three times to get the standard deviation (error bars,ih&. f i gur e was Pveiptrho dpuecrendi sf srioonr

from the Royal Eopyrighe © 3022pRoyalCShatety df Chemigtry.
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Figure S34. LC-MS analysis (Shimadzu LCM2020) of pyrene azide modification in ionic liquid. (A) Reaction scheme. (B) LC
MS analysis of the crude reaction mixture. Left: UV chromatogram (254 nm). Right Mass spectrum. Reaction procedure is

described in Typical sacchde/small molecule modification in ionic liquid¥ he fi gure was Mevprndduced

permi ssion from the opyight© 2822 &oyal Sgocietpdf Chénhiseryni st r y .
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Chapter 4: Iron-sensitive protein conjugates formed with a Wittig reaction precursor in ionic
liquids.
Part of this work was published andapted from: Nizam, Z. M.; Stowe, A. M.; Mckinney, J. K.;
Ohata, J. IrofBensitive Protein Conjugates Formed with a Wittig Reaction Precursor in lonic
Liquid. Chem. Commur2023 59(81), 1216012163.
4.1. Introduction

In various chemistryand biologyrelated fields, chemical tools have become essential
through leveraging selective bond formation and cleavage processes. Within this concept, there
has been a growing interest in the study of selective chemical bondggeavehemical uncaging
processes, primarily for spatiotemporal release or activation of a molecule of ihtdviesty
different chemical approaches have been developed to achieve chemical control over both small
molecules and biomacromolecules usingdéormation and scission processes. Wherein such
strategies have been implemented across a wide array of platforms, including in vivo 8ystems.

For instance, our understanding tbé behaviors of cellular iron, which have garnered
crucial attention due to its relevance to cell dédiths been broadened as numerous$elactive
chemical probes have been developztDespite this progress, the chemical tools available to
study iron biology are still limited, especially for the protbased one$To potentially address
sucha limitation, one approach could involve the chemical modification of proteins to produce
such ironsensitive protein plmes, but selective bioconjugation to install ir@sponsive groups
to the polyfunctional biomolecule would represent a significant challenge.

During the screening process of the Ohata labatpreous bioconjugation program using
ionic liquid as a biomoleculeompatible reaction mediufna significant finding has emerged,

where an aldehydeontaining Wittig reaction precursor can induce the formation of enamine
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linkage on lysine and ferminal amines of peptides and proteins in ionic liquids (Figure 4.1).
Interestingly, the formed enamine linkage displays exceptional stability in aqueous likeljia,

due to the neighboring phosphonium group. However, the linkage can be cleaved in the presence
of iron salts (Figure 4.1A¥ In chapter 2, | showed that an aaéttig intermediate
(iminophosphorane) can induce amamdeCO, threecomponent coupling in ionic liquids to

form a stable urea linkage on polysacchariddgfering a facile and convenient method for
carbohydrate bioconjugation research. In this chaptet by using another phosphorous reagent,
characterization of the enamine linkage formed by the condensation reaction between lysine
residues and the accessible amine groups on tternhNnus of a peptide or protein with the
labeling reagent, namely (fornmyethyl)triphenylphosphonium saltwill be discussed.
Chemoselectivity toward the amine group was established through MS/MS analysis. For this
study, a pyrrbdinium-based ionic liquid, -butyl-1-methylpyrrolidinium was chosen due to its
strong chemical stability and its efficacy in protein stabilization (Figure 4.1B). Moreover, the
enaminephosphonium linkage exhibited unusual stability in aquesmlstion during LGMS

analysis and turned otd besensitive toward iron salts
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Figure 4.1. Protein bioconjugation in ionic liquid using formghosphonium reagent. (A) Schematic illustration of the enamine
phosphonium linkage formed via condensation reaction between lysine/N terminus of a peptide or protein and
(formylmethyl)triphenylphosphoniurchloride. (B) Schematic illustration of the compatibility of ionic liquid with both protein and
phosphonium reagenBMPy OTf: 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonaté. he f i gure was reprod
Refwi t h permi ssion from t.GopyrighoO2e28 RogabSndiety bfyChemistry.Che mi st ry
4.2. Results and Discussion
4.2.1. Screening Wittig reagent precursors and modification of a model peptide.

To determine the most effective labeling reagent, a reactivity survey of a range of potential
labeling reagents (e.gylide form, ketone, and ammonium saligre tested. (Figure 4.2yhis
survey involved the use of insulin as a substrate, which contained a single lysine residue and N
terminal amines. A variety of Wittig reagents, including monosubstituted derivatives (ketone,
ester, and amide), disubstituted derivatives, njtaifelaldehydefunctionalized derivatives, have

been examined for bioconjugation amtlized for various applications'>13In this context,a

Wittig reagent precursor with an aldehyde functional gragmpoundst.1 and 4.2 was found
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to be active in condensation reactions with amine groigps)ing an enamin@hosphonium
linkage. Interestingly, formyphosphonium (compourtl1) exhibited a high reaction efficiency.

LC-MS analysis of the modified insulin showed 99% conversion ift@"4, and ¥ modification

(Figure 4.3). Such exceptional reactivi-ty can

ylide form, rendering the carbonyl group electrophilic enough to undergo nucleophilic attack by
an amine. Furthermore, the lack ohcavity observed with the methylated aldea#sed form
(compound4.3) can be linked to either the steric hindrance or the electronic donating effect of the
addi t disubstitadnt, ndmely the methyl group, that could weaken the electrophilic nature of
the carbonyl. The utilization of ketone and edtased phosphoniuntgmpoundst.4, 4.5,and

4.6) for the condensation reaction was unsuccessful, likely due to steric hindrance, the presence of
electrondonating groups, and electron delocalization. The de(li cyanomethylene
triphenylphosphorane (compoudd?), did not show any reactivity, likely due to the electron
donation from the anionic charge, thereby reducing the electrophilicity of the carbonyl, rendering
the compound inactive ithe desired reaction. Moreover, by using phosphonium derivatives
lacking a carbonyl group, such as pyridyl and acetal substituted phosphonamo(ndst.8

and 4.9), no reactivity was observed, highlighting the selectivity of the condensation reaction
toward the electrophd carbonyl. Intriguinglythe absence of reactivity with a betaaldehyde
reagent (compound.10 was observed, even in the presence oflantrophilic carbonyl group
(Figure 4.2 and 4.3). The observation indicates that the reaction proceeds with compounds
containingaphosphonium group. Notablgo sign of decomposition of the enamypi@osphonium
product was detected during those analysis processes in aqueous solution, indicating the

exceptional stability of the linkage toward aqueous media.
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Figure 4.2. Liquid-chromatography (LCpased analysis of modification of lysinetdrminuscontaining substrate (insulin) with

a variety of phosphonium derivatives possessing different moieties. A bar graph of percentage conversion of insulimomodificat

with the phephonium reagent&rror bars represent standard deviation (n = 3). Reaction conditions: Insulin (0.05 pa\D}, K

(20 mM), and phosphonium reagents (10 mM) in ionic liquid at 50 °C forTLthe f i gure was rPevirtdduced

permi ssion from t he .Ropyighlt© 2682 RoyaéSogiety offChe@istey.mi st r y
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figure was repiwdduhc epderfnricsmi Renf f r om t .ICepyright ® 2023, Fogat Soeietyyof o f
Chemistry.

4.2.2. Modification of a small molecule using formytphosphonium.

The successful condensation reaction between a model small molecule and formyl
phosphonium was evident in the distinct loss aOHluring LGMS analysis. An additional
observation in LEMS analysis was that the form exhibited by phosphorgontaining aldehyde
reagent can exish both a norhydrated (active) form and an unreactive hydrated fevhch
predominantly prevails in aqueous solution (Figure 4.4A). TheMiSCanalysis of the reaction
mixture resulted in 98% conversion (+1 mod.), confirming thetaddof the corresponding

phosphonium reagent and suggesting the enamine formation (Figure 4.4B).
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Figure 44. LC-MS analysis of the reaction mixture of -(2biphenyl)ethylamine modification with
(formylmethyl)triphenylphosphonium chloride. (A) Liquahromatography mass spectrometry {MS) analysis of the
phosphonium reagent, ndnydrated form (middle), and hydeal form (right). (B) LEMS analysis of the formed enamine product
from the condensation reaction with an alkylamioataining substrate. (Cfhemical structure of the model substrate.
Phosphonium reagent in parent form or +hyarated (green circles) or phosphonium reagent in hydrated form (blue rectangles).

The figure was ¥Ywiptriomdperedi § gioonn Rferf o m t. Gopyrighocy2a823, R&yal Saciety of o f
Chemistry.
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4.2.3. Modification of peptides and chemoselectivity

Screening of peptide substrates demonstrated chemoselectivity of the ef@ming
reaction toward amine groups (Figure 4.5 and Figure S4.2}ME@nalysis of reactions of the
formyl phosphoniumreagedtlwi t h a set of pept-ademilagoespsr at es
confirmed modifications at the -dérminus and lysine residues. Tandem mass spectrometry
(MS/MS) analysis was performed for each substrate, verifying the location of the formed enamine
linkage (Figure 4.5 and Figure S4S24.6). As expeetd, bombesin, a negative control peptide
without a lysine residue and with an-ddpped terminus, did not exhibit any meaningful

modification.
bombesin (<5%) O<N‘1
H
angiotensin | (87%) HoN-

kinase A inhibitor

6-22 (96%) HoN-

HoN HoN
adrenocorticotropic ) ]
hormone (ACTH) 2N
1-17 (87%) HoN
atrial natriuretic HoN
peptide (ANP) 1-28 ' 2 |—|
(94%)
human HN
insulin ' 2 ‘ 5
(99%) )

H,N-
HaN

Figure 45. Chemical structures and amino acid sequences of the peptide substrates. The atkglatainimg amino acid residues
are highlighted in red. The conversions (in parentheses) were obtained by peak area integration in liquid chromatography (LC)
analysisThe figure was Yeprlodpeenwi $siomn Refom t.Capyrighoq2023, Réyalci ety o f

Society of Chemistry.
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4.2.4. Structural characterization of a model modified small molecule.

ThroughH NMR characterization, the product structure was indicated to be an enamine
existing as rotamers (Figure 4.6). For this characterizatigd;b2phenyl)ethylaminet.12 was
chosen as a model amine compound for the reaction. The successful formation of the -biphenyl
enaminephosphonium product4.11 was achieved by subjecting the labeling reagent,
(formylmethyDtriphenylphosphonium chloridd0 mM), to react with the model substrate (30
mM) in CHCk at 50 °C overnight. The formation of the product was confirfoge TLC (9:1
CHCl2/MeOH). The reaction mixture was purified by flash chromatography witCCHMeOH
(96:4) as the eluent, resulting in the isolation of a brovange solid (14 mg, 45 %). The product
structure showed similar characteristics to a previously reported enphosphonium
compound:* The'H NMR spectrum of the reaction product confirmed the successful labeling and
displayed a characteristic peak in the regiod 4741 4.57, corresponding to one of the vinylic
CH protons Kb), an attribte to an enamine form of the compound. Importantly, the characteristic
peak of the imine, which is expected arouii@ ppm, was not present in thé NMR spectrum,
affirming the existence of enamirfeurthermore, théH NMR spectrum showed duplicated signals
due to the different chemical environments experienced by each proton. There were two sets of
signals for each proton, each displaying a similar splitting pattern and appearing in a 2:1 ratio.
Thesencludevinylic proton signallda atli6.77 andi5.71), the methylene group signal adjacent
to the NH groupKlc atti 3.71andl 3.37), and the benzylic methylene sigrtadl @t i 3.05 andi
2.78). Twedimensional NMR data (i.e., NOESY) confirmed the presence of rosaemilting

from the rotation around the-N bond.
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Figure 46. 'H NMR spectrum of the product of condensation reaction betwedd-bphenyl)ethylamine and
(formylmethyl)triphenylphosphonium chloride in®@D.The f i gur e was ¥Ywiptriodperedi §9ioonn Rferf om

Soci ety o Copighecn?2028,tRoyal Society of Chemistry.

4.2.5. Additional characterization of the model modified small molecule.

Further NMR analysis includedC NMR, *H-'H COSY, *H-'H NOESY, 3P NMR, and
IR analysis, all of which confirmed the formation of bipheaghminephosphonium linkage and
the presence of a mixture of rotamers. For instaheé3C NMR spectrum of the product exhibited
six peaks in the 3@0 ppm regionand the rest of the peaks were observed in the1Bppm
region. This indicated the presence of the enamine configuration, wherein the vinyl carbon signals

were observed within the 62.83.5 ppm and 15055.72 ppm regions (Figure 4.7).
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Figure 47. 3C NMR spectrum of the product of the reaction betweer(4-l@phenyl)ethylamine and
(formylmethyl)triphenylphosphonium chloride in®@D.The f i gure was ¥Ywiptriodperedi §9ioann Rferf om
Soci ety o Copgighe@P023 tRoyal Society of Chemistry.

Additionally, *H-'H COSY analysis confirmed correlation between neighboring protons.
Particularly, the benzylic protomi@l) atti 2.78 andi 3.05 showed correlation with the respective
methylene protonHc) at U 3.37 andi 3.71, an indication thatic andHd are adjacent to one
another. Remarkably, the proton adjacenttb e NH g r o u pi 46H bxhitdted dual 4 . 7 4
correlations, one cross peak at ad 5.71 and t

neighboring protons (Figures8 and 4.9).
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The existence of equilibrating rotamers at room temperature, resulting from the rotation
around NC bond was confirmed byd-*H NOESY spectra of the product (Figure 4.10 and 4.11).
ProtonHa atti 6.77 andi 5.71,Hc 4 3.71 andi 3.37, as well akld present ati 3.05 andi 2.78,
all show a cross peak with the same phase as the diagonal, confirming the presence of rotamers
that are equilibrating at room temperaturiee absence of correlation between the enamine proton
Hb ( U 457) &dicenttotheNHgrup and t he other enamine pro
distinctly verifies theirtrans position relative to one another, further supporting teadtine
confirmation. The®» NMR spectra displayed two distinct
indicating the presence of a phosphonium moiety (Figure 4.12). Finally, the IR absorption spectra
of the product provided a final note of confirmation of enamine formation, which shawed
absorption band of the NH group in the range of 38260 cm' (Figure 4.13) in accordance with
the IR of a previously reported compoutfdSuch structural angsis gave a better understanding

of the biphenylenaminephosphonium linkage structure and the dynamic nature of its rotamers.
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4.2.6. Testing the stability of the biphenytenaminephosphonium linkage.

The enaminghosphonium linkaged.11 displayed susceptibility to cleavage in the
presence of iron salts (Fig. 4.14A). To assess the stability of the enamine linkage, the examination
initially focused on the typical reactaht®f Wittig reagents, which are important for assessing
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the Ilinkagebs potential application in chemic

water and in ammoniuhased buffer conditions. Cellular aldehydes might undergo a reaction
with nucleophilessuch aghe Wittig reagent linkage. Since Witting reagents are known to react
with carbonyl compounds (e.g., aldehydes) and form a caréidoon double bond, it is important
to assess whether these aldehydes miggnttwith or induce cleavage of the linkage. Thus, the
linkage was first tested again=llular aldehydes such as paraformaldehyde (PFA) and methyl
glyoxal (MGO). The linkage was further tested against cysteine derivatives (cysteine and oxidized
cysteine). The selection of these reactants was inspired by a previous¥licgting a reaction
between a Wittig reagent and sulfenic acid (electrophilic sulfur formed via direct oxidation from
cysteine).Thus such testing will provide a better understanding of whether the linkage will be
prone to reaction along with these reactants. Thrau@WsS analysis, PFA, MGO, and cysteine
derivatives showed negligible impacts on the biph@madminephosphonium linkage in both
aqueous and ammoniubased buffer solutions (Figures 4.14B and C, Figure 4.15 and 4.16).
Furthermore, by recognizing that a variety of phosphemediated chemical
transformations are driven by the formation of stable phosphine,bxt&bility of the enamine
linkage was tested toward reactive oxygen species (RO8ably, hydrolysis of the enamine
phosphonium linkage was observed in aqueous media in the presence of the hydroxyl radical
generated from ¥D2 and the F&ion through the Fenton reaction (Figures 4.14B and 4.15), while
virtually no detectable cleavage was observed with the &S like H202 and KQ, in either
agueous or ammoniwmased buffer solutions. (Figures 4.14B and C, Figure 4.15 and 4.16).
Further investigationf the linkage stability was assessed in the presence of biologically relevant

metal ions, including transition metals that are found in lower concentrations within the biological
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systems compared to group | and Il metals. These include iron, zinc, copper, manganese, and
cobalt.

The stability of linkage was tested against calcium, a highly abundant metal ion in
biological contexts and as an ion engaged in cell signdliwhen exposed to iron salts (Fer
Fé') in the absence of hydrogen peroxide and in aqueous solution, the linkage displayed
hydrolysis, suggesting that the linkage is not stable withirni@nenvironments (Figure 4.17).
Conversely, the linkage remained inert towards other biologically relevantioretauch as zinc,
calcium, and manganes8imilarly, the Inkage did not undergo hydrolysis when subjected to
conditions with vitamin B12 and hemin, each containing coordinated metal ions, Colll and Felll
respectively.

These results suggest that linkage may only interact with free ions rather than bound ones.
Interestingly, despite the low cellular concentrations of copper, the linkage displayed hydrolysis
under Cliconditions (Figure 4.17). It is important to highlight that the enamine linkage showed
unparalleled stability in an ammonidibased buffereven toward iron salts. This finding implies
that sensitivity to hydrolysis is environmentally dependent (Figure 4.18). These findings have
contributed to a deeper underslang of the behavior of the bipherghaminephosphonium
linkage, shedding light on whether the linkage remains intact in physiological enviroywwiegris

considering studies on iron species in biological systems.
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Figure 4.14. Enaminephosphonium linkage stability in aqueous media. (A) Schematic illustration of a stimdiieed cleavage.
Stability testing conditions: Enamisghosphonium linkage (0.05 mM) , reagents (0.5 mM) in eithgd/MeOH (8:2) or
(NH4)2COs aq (5 mM)/MeOH (8:2) at rt for 1 h. (B,C) Bar graph for-b@sed analysis of enamiplosphonium linkage incubated
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showing cleavage after incubation with different metals (left), and the mass spectrometry (MS) analysis of thednipiéngl
phosphonium (right)Phosphonium reagent in parent form or 4mgadrated (green circles) or phosphonium reagent in hydrated
form (blue rectanglest. he f i gure was Ywiptriodpuerdi §3ioomn Rferf o m t. Gopyrighioty a | Soci

2023, Royal Society of Chemistry.
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4.3. Conclusion

In conclusion, the modification of a model small molecule with the Wittig reagent
precursor assisted in elucidating the structure of the unique linkage formed through condensation
reaction in ionic liquids on peptides or proteins. This offers protein gatgs that could be of
potential use for studying iron species in biological systems. Screening a variety of Wittig reagent
precursors showed that (formylmethyl)triphenylphosphonium salt is a promising labeling reagent
for efficient modification in ionic iQuids. Peptide substrate screening confirmed the
chemoselectivity of the enamiufierming reaction toward Nerminal and lysine amines. Structural
characterizations showed that the biphesydminephosphonium linkage exhibited a mixture of
rotamers and s a linkage is sensitive towards iron salts. The presented study represents the
utility of the nonaqueous bioconjugation method to directly install-semsitive moieties. The
discovery of the iromrmediated hydrolysis of the enamine linkage would alse gi new design
paradigm for small molecule and activibgsed imaging reporters, as there are still limited
selections of the irenesponsive warheati$8!® and potential synthetic challenges. As many
phosphoroudased chemistries have been broadly used in chemistry fields (e.g., Wittig reactions,
Staudinger reactions, and Mitsunobu reactions) and there are many phosphorous reagents readily
available, structal and functional alterations of the parent forfplgbsphoniunwould be facile

to grant chemicagbrobes potentially useful f@tudyingiron biology.
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4.4. Experimental Data

General information

All chemicals including peptides were purchased from commercial suppliers unless otherwise
noted. All the chemical synthesis were performed under air unless otherwise noted. The ionic
liquid, 1-butyll-methylpyrrolidinium trifluoromethanesulfonate (BMPy QTfwas purchased

from Synthonix (B52266) and its purity was confirmed By NMR (Figure S4.8).
(formylmethyl)triphenylphosphonium chloride was purchased from Tokyo Chemical Industry
(FO331). Acetophenorghosphonium (compourtl5, Figure 4.2) was synthesi@ according to a
previous report?

Instrumentation

NMR

All NMR measurements were performed on a Bruker AVANCE NEO 500 and 700 MHz.

LC-MS

LC-MS analysis was performed on a Thermo Vanquish LC system aneXLTiear ion trap

MS system. A C18 revergghase column (Hypersil Gold 250032130, particle size 3 um,
diameter: 2.1 mm, length 30 mm) was used for analysis of small molecules adggpbptusing
280-nm UV detection unless otherwise noted. The flow rate was 0.4 mL/min with the gradient of
acetonitrile (1090% for 3.5 min, and then 90% for 1.5 min) in the presence of 0.1% formic acid.
The conversion of the L®1S-based experiments shown in the manuscript was calculated by
dividing the product peak area by the sum of the product peak aréaesmtarting material peak

area.
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Tandem Mass Spectrometry

Tandem mass spectrometry (MS/MS) for peptide substrates were performed on Thermo Vanquish
LC system and LTEXL linear ion trap MS system with the same setup described iMBC
Experimental Procedures

Typical peptide modification procedure in ionic liquid with Wittig reagent precursor.

To BMPy OTf (typically 3040 uL scale) in a 1-mL Eppendorf tube, potassium carbonate
aqueous solution (20 mM finebncentrationfrom 2 M stock solution), aqueous solution of peptide
(0.050.2 mM final conentration from 25 mM stock solution in bBD), and
(formylmethyl)triphenylphosphonium chloride (10 mM final centrationfrom 250 mM stock
solution in DMSO) were added. The firmncentratiorof H20 was kept lower than 6% v/v. The
reaction mixture was incubated at 50 °C for 1 h and subjectBddireaction cleanup process

for peptide modificatiothefore LCMS analysis.

Postreaction cleanup process for peptide modification.

To the reacti on -mLEppendorétubg,4 Mixturdojl:licald acetorie/toluene
(600 ¢L) was added i n chaken ypude towand set at8d 8&C mi x t u
overnight. The precipitates were collected by centrifugation (15,000 rcf, 15 min, 4 °C), and
acetone/toluene was removed. The pellet wadréad on the bench at rt for 15 min. The samples
were washed by an additional cycle of acetoditeon and centrifugation. The pellet was-air
dried on the bench again at rt for 15 min after removing the final acetone solution and then
reconstitut ®Odndwanalyzkd bglOMSe L H

Linkage Stability experiment procedure Fig. 4.14-4.18).

To an 8:2 mixture of either 4 or (NH4»CO3 (5 mM) buffer (31 uL) and MeOH (8 uL),

biphenytenaminephosphonium (0.05 mM finaloncentratioirom 5 mM stock solution in 1:1:1
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H-0/MeOH/DMSO), reagent (such as ROS, cellular aldehydes, oxidized sulfur, and metal ions
0.5 mM finalconcentratiorfrom 25 mM stock solution in either2@ or DMSO) were added (40

uL total volume). The reaction mixture was analyzed 6yMS after incubation of the enamine
compound with the reagent at rt for 1 h. For the-mmtal reagents, the samples were injetttl

the LGMS system at the-h time point. For the metal reagents, the metal ions in the samples were
removed by Cuprisorb (see below) at fhl time point, and then, the samples were analyzed by
LC-MS.

Procedure to prepare Cuprisorb and removal of metals by Cuprisorb.

Preparation of Cuprisorb (Seachem, FMSC1201). Cuprisorb (200 mg) was washed witb(H

(3 x 1 mL) in a 1.9mL Eppendorf tube, and the supernatant was discarded after each wash. The
washed Cuprisorb was suspended i@ K200 uL).

Removal of metals by Cuprisorb.The washed Cuprisorb suspended in water (10 uL) was
transferred to another Eppendorf tube. The supernatant in the other tube was discarded, and the
reaction mixture containing metal samples was added. After incubation of the reaction mixture
and with Cupisorb for a couple of minutes, the supernatant was used foCHMS analysis.
Preparative synthesis of small molecules

Organic synthesis procedure.

NH,

O aq P 41 S0
A LPh e p
+  g7EPh CHCI; Arﬂﬁ/\v 3
O 4.12 ’ 50°C,overnight
45 %

Biphenyl-enaminephosphonium (4.11):

To CHCI; (6.4 mL), formylmethyl)triphenylphosphonium chlorid@0 mM final concentration
from 250mM stock solution in DMSO), a2d(4-biphenyl) ethylamin€30 mM finalconcentration

from 500mM stock solution in acetone), were added tomPR®ial equipped with a magnetic stir
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bar. The reaction mixtures weneated at 50 °C overnighifter the reaction mixture was heated

at 50 °C overnight, the formation of the product was confirmed by TLC (9:2Ck/MieOH). The

reaction mixture was purified by Yamazen Smart FlasRMp dual channel chromatography with
CHzCl2 / MeOH (96:4) as the eluent to afford a breanange solid (14.0 mg, 45%) as a mixture

of rotamers, confirmed by NOESMMR.?* For NMR purposesthe purification process was
repeated for the recovered product to get a porapound with CECI2/MeOH (94:6) as the

eluent *H NMR (700 MHz, CRO D, mi xtur e of-7.10 ot 2H)e6r7-B.J1:(m, U 7 . 8 ¢
1H), 4.744.57(m, 1H), 3.78.37 (m, 2H), 3.082.78(m, 2H)3C-NMR (700 MHz, CROD,

mi xture of rotamers): a4 155. 72, 141. 9, 140. 7,
134.58, 134.52, 134.45, 131.4, 131.02, 130.95, 130.9, 130.74, 130.7, 129.96, 129.9, 128.5, 128.3,
128.1, 127.8, 127.6, 124.06, 123.96, 123.54, 123.48, 2.3, 51.3, 45.4, 38.1, 35.5. IR: 3174.

HRMS-ESI (m/z) [M*]*calcd for GaH3iNP, 484.21886; found 484.21805.
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4.5. Supplementary Figures
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Figure S41. Liquid-chromatography mass spectrometry {MS) analysis of reaction mixtures of modification of peptide

substrates. 254m chromatograms were used to obtain the conversions shown in Fig. 2 in the main manuscript. (A) Angiotensin
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Figure S43. Tandem mass spectrum (MS/MS) analysis of kinase Inhibitor modified with (formylmethyl)triphenylphosphonium
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Figure S45. Tandem mass spectrum (MS/MS) analysis of ANR&L modified with (formylmethyl)triphenylphosphonium

chlorideThe figure
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Chapter 5: Metal-free labeling reagents for protein conjugate preparation through

tryptophan selective modification.

Partof this chaptehasbeen submitted to and adapted from: Uzoewulu, C. P.; Joyner, E.C,;
Thuan, J. C.; Rose, K.; Colella, B.M.; Nizam, Z. M.; Ishizawa, S.; Meguro, Y.; Enomoto,

M.: Ohata. JJACS Au

Another Part of this chapter was published and adapted from: Nuruzzaman, M.; Colella, B.
M.; Nizam, Z. M.; Cho, I. J.; Zagorski, J.; OhataREC Chem. BioR024 5 (10), 963

969.

5.1. Introduction

Antibodyi drug conjugates (ADCs) represent a powerful approach to targeted cancer
therapy. However, limitations in traditional preparation methods have created a need for improved
conjugation strategies. ADCs consist of a monoclonal antibody linked totxygtpayload via
a chemical linker (Figure 5.1). ADCs combiimamunotherapy and chemotherapy, and the
antibody's high targeting ability, along with the drug payload's potent actwvigble ADCs to
effectively and precisely eliminate cancer cells. Intgatly, unlike conventional chemotherapy,
ADCs deliver the cytotoxic agent directly to the tumor. Such targeted delivery eliminates
cancerous cells without harming any healthy tissdeédylotarg(gemtuzumab ozogamicin) was
the first ADC approved btheUS Food and Drug Administration (FDA) in 2000 for the treatment
of acute myeloid leukemia (AML3.Since then, and witla better understanding of t#DC
mechanism of action, 14 additional ADCs have been approved. Currently, there are over 100

ADCs in clinical trials, being tested for various types of tumdvareover, for the treatment of
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solid tumors, especially breast cancer, a segamération ADC known under the name Kadcyla
(Ado-trastuzumab emtansine), also known &3M1, was developed by Genentech and approved
in 2013. Wherein, IDM1 is used for human epidermal growth factor receptor 2 (HER?2) positive
metastatic breast canceFraditional methods for ADC preparation rely on mdtak conjugation
strategies that target amino acids like lysine and cysteine. Where lysine and cysteine residues on
the antibodyserveas reaction sitesallowing attachment of the linkgpayload. For instance,
reducing the interchain disulfide bonds on the antibody can provide free cysteine residues available
for the conjugation reactidi. Cysteine conjugation occurs through a reaction between a
maleimide grougontaining linker and cysteine thiol grqupsulting in a succinimide thioether
linkage®® In the presence of free thiols, succinimide thioether can undergeMihael addition
reaction, and thysduring blood circulation, the payload can be detached from the antibody,
reducing its therapeutic effet'! Moreover, an antibody contains many lysine residues (up to
80)12 and about 4Gurfaceexposedlysine residues are availabler linking drug payload to
antibodiest® One of the common conjugation reactions on lysine is amide coupling, where the
amine groups react wimactive carboxylic acid estesuch as NHS estdhat is part of the drug
linker 141> However, because antibodies contain numerous lysine residues, lysine conjugation
often yieldsheterogeneous ADC mixtureshis results invariability in the number of attached
drug molecules, and even when the dimigntibody ratio is consistent, the drugs may be
conjugated to different lysine sites, introducing furtheterogeneity31617

Conjugation methods based on lysine and cysteine residues have several drawbacks. For
example, there is difficulty in achievirghomogeneous druantibody ratio (DAR), where instead
of producing a single uniform product, a heterogeneous mixture of AR@adésated with varying

DAR.1¥8 Another drawback is offarget toxicity%*® which can happen when the drug is released
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into the bloodstream before the intended tiniéiis can be causealy the fact that théinkage
betweenthe drug andthe antibody is not stable enough. Furthermore, varying efficacy and
pharmacokinetic properties can arise with ADCs prepared through lysine and cysteine
conjugationt®?° Therefore, there is a need to develop new alternative fnetalconjugation
methods to overcome the limitations associated with lysine and cybtesed conjugations, and

to produce homogeneous ADCs with improved therapeutic index. One promisingfreetal
chemoselective conjugation approach is to targsts abundantamino acids such as

tryptophar?t22

W7
o o

Figure 5.1. Representation of antiboerug conjugate (ADC) structure, illustrating the core components including antibody,

linker, and cytotoxic drug.

A nonraqueous bioconjugation strategy was developed in the Ohata lab to selectively target

tryptophan residues using thiophesgtbanol reagents and indium salts as catalysts kagaaous

media like hexafluoroisopropanol (HFIP), enabling the modificatioan antibody. Tryptophan

(Trp), although one of the less abundant amino acids, is present in almost all gtétdiss.
chemical reactivity is primarily attributed to the indole ring in the side dé&tHowever, Trp is

less nucleophilic compared to other nucleophilic amino asigsh agysteine and lysine. Despite

its lower abundancd;ryptophanis an ideal target for sigelective modification, particularly for
applications such a&DC development. Our previous report demonstrated hexafluoroisopropanol
(HFIP)-promoted Fried&Crafts alkylation of tryptophan residu€sAs a fluorinated alcohol,

HFIP possesses many properties, including strong hydioged ability, high polarity, and
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increased Bronsted acidity of the hydroxyl gré8phe FriedelCraft alkylation in HFIP proceeds
using thiophen&thanol reagents e presence of Indium triflate, a metal Lewis acid that acts as
a catalyst for the reaction (Figure 5.2). Moreover, the approach enabled modification of
monoclonal antibody Herceptin (trastuzumab) using thiople¢m@nol reagents containiran
alkyne handle. Wherein, the alkyne tag allowed secondary labeling through -capgdgzed
azidd alkyne click chemistry. Notably, the heavy chain of Herceptin showed more labeling than
the light chainwhich contains more tryptophan residukmsportantly, the binding specificity of

Herceptin to its antigen target HER2 receptor reaintact after mixing HFIP with ionic liquids.

s N
P 3
o Ho" T Tip
In(OTf)3 A
NBu,PFg4 /k/s
N HFIP ~ N 'Lf {/:7
- rt, sec~min
Tryptophan-containing
biomolecule
(e.g.,peptide, protein)

Figure 5.2. Schematic illustration of FriedeCrafts alkylation of tryptophanontaining biomolecule mediated by mebalsed
Lewis acid (previous work) in hexafluoroisopropanol (HFIP) as a biomoletugatible medium. The figure was reproduced

with permission frona previous report’ Copyright © 2024, American Chemical Socidtytps://doi.org/10.1021/jacs.3c13447

In this chapter, metdtee thiophendasedreagents forthe selective modification of
tryptophan were synthesized, and a cytotoxic payload functionalized witbrghbigonal handle
was designed for future antibody conjugation, contributindpéodevelopment of antiboeyrug
conjugates (ADCs). In the first part of this chapter, two classes of thiojilaesee reagntswere
synthesized for protein conjugate preparation througlryipdophanselectivemodification.The
first classincludesthiophenebasedreagentdearinga trifluoroborategroup. Theereagents are
designed t@enableadditivefree alkylation of the tryptophan residues by selectively reacting with

the electrorrich indole ring of tryptophagFigure 5.3A). The labelingrocessoccurs without the
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need forametal catalyst or additives in n@gueous medisuch adHFIP, therebypromoting the
formation ofacovalent bond. The secontissof reagentsnvolvesan azidecontaining thiophene
ethanol derivativelesigned to enable coppleee secondary labelin@igure 5.3A)?° Following a
tryptophanselective modification, the azide handle daailitate the attachment of functional
molecules (e.g., cyclooctyrmntaining compounds) via strgmomoted azidalkyne
cycloaddition (SPAAC), without the need for coppatalysts®

In the second part of this chapter, effddsused orthe chemical synthesis afcytotoxic
payloadwith a disulfide linker andearing a biorthogonal handle for use in copgeee click
chemistry. The installation of the lmikdhogonal handle on the payloadables strampromoted
azidd alkyne cycloaddition (SPAAC) between the cytotoxin-$)N payload and an azide
functionalized antibody under meffaée conditions, allowing fothe development of antibody
drug conjugates (ADCsAdditionally, the designnvolved incorporating a disulfideontaining
linker between SMB8 and the alkyne handle. The linkemgendedo be cleavablen areductive
intracellular environmenthereby releasinthe attached cytotoxic payloa8N38.For this aim,
two strained alkynesncluding bicyclo[6.1.0]nor-yne (BCN)and dibenzocyclooctyne (DBCQ)
wereselectedo be conjugated with SR8, to generate BCANsSSN-38 and DBCGP E GSSSN-

38, respectively (Figure 5.3B).
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Figure 5.3. Chemical modification of tryptophan residues andotittogonal probe design for antibedyug conjugation. (A)
Friedel Crafts alkylation of tryptophanontaining biomolecule under mefabe and additivdree conditions in
hexafluoroisopropanol (HFIP) using thiophdmesedabeling reagents bearing a bioorthogonal handle or trifluoroborate group.

(B) Structure of the DBC@® E &SSSN-38 (left) and structure of BGISS SN-38 (right) for future antibody conjugation.

5.2. Results and Discussion
5.2.1. Synthesis ofthiophene-based reagents with trifluaoborate group for additive-free
tryptophan labeling

5.2.1.1. Synthesis ofp-aryl-BF3k-substituted thiophene methanol

Thiophenebased reagents bearingfluoroborate groups were synthesized to enable
additivefree, selective labeling of tryptophan residues in peptides and proteins. The intermediate,
p-arylboronatesubstituted thiophene methanbl3 was synthesized via mechanochemical
Grignard reaction using a previously reported-pag twostep balmilling protocol®! providing

a solventfree and energefficient alternative to conventional methods. In the first step,
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bromothiophen&.1was combined with magnesium turnings under ball milling conditions (30 Hz,

60 min) using a Retsch MM500 Vario mixer mill (1.5 mL stairdstel milling jar with a 5 mm
diameterstainlesssteel ball). The reaction generated a reactive thiophene Grignard species, which
was then subjected to nucleophilic addition to a pinacol bordreted aldehyd®.2 under a

second balmilling step for 60 minaffording p-arylboronatesubstituted thiophene metharto8.

The crude reaction mixture waseltly purified using flash chromatography to isolate compound

5.3 However, the process proved challenging and required extensive purification, yielding the
desired product in only 3% yield (Scheme 5.1). The structufe3ofvas confirmed byH,*C

NMR spectroscopyand*'B NMR was performed to detect the boron environment (Figure S5.1
S5.4). The intermediatg.3 was converted to the corresponding trifluoroborate analddpy

KHFz, following a previously reported fluorination protoédT he struct ure of t he
substituted thiophene metham@dwas ful ly characterized using
spectroscopy. ThéH NMR spectrum showed the disappearance of therda®n singlet
characteristic of the Bpin moiety. Al s o, T
trifluoroborate group (Figure S5355.9). The synthesis afforded a fluorinated thiopHeamed

reaget suitable for selective labeling of tryptophan residues.

OH
1) Mg S OH
U \ 0 2 S ’

2) ?\) MeOH, overnight, rt BF3K
5.1 1(3'3 5.3 5.4
o) 3% 55%
| 5.2

0 60 min, rt

Scheme 5l. Mechanochemical synthesis pfirylboronatesubstituted thiophene methanbl3) via a Grignard reaction between
bromothiophene&.1) and pinacol boronatkased aldehydes(2) under ball milling conditions in THF. Fluorination 63 with

KHF2 affords thep-aryl-BFsK-substituted thiophene methanbl4).
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5.2.1.2. Synthesis ofo-aryl-BFzK -substituted thiophene methanol

Following the successful synthesis of the paubstituted BEK thiophene reagent, efforts
were directed towardke synthesis athe orthesubstituted versioriThe aim was to assess how
different substitution patterngarticularly the position of the trifluoroborate group on the
thiophene ring, influenceeactivity towards labeling tryptophan residu&ke synthesis of the
ortho-substituted derivative began with the preparation of theyBsubstituted benzoxaboroles
thiophene methanol intermediaie6. The same onpot, twostep mechanochemical Grignard
protocoP! used for the synthesis of tipara-substituted analo§.3 was used to generafe6.
However, after the first bathilling step, the in situ generated thiophene Grignard reagent was
subjected to nucleophilic addition with a pinacol borofatetionalized aldehyd&.5 bearing
ortho-substitution. Following the reaction, the crude mixture was purified to provide the desired
intermediate compoungl6in low yield (8%) (Scheme 5.2The structure of the compound was
verified using analytical techniques includidH and 3C NMR, B NMR, and IR (Figure S5.10
S5.13). Tprepareghe compound for additivEee tryptophan labeling,.6 was treated with KHF
following the previously reported fluorinatiorprotocol®? This reaction introduced a
trifluoroborate group, yielding the-aryl-BFsK-substituted thiophene metharoV in 70% vyield
(Scheme 5.2). Structural characterizatiorbadfwa s per f or me d confiimingnthetr F N M

presence of the trifluoroborate gro{fpgure S5.1455.18).
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1) Mg 0-B OH BF3K
S. _Br THF, 60 min, rt S KHF; S
@ (0] \_J MeOH, overnight ,rt \ I 5.7

2) \ 5.6
D 5% 0%
O 5.5
60 min, rt

Scheme 2. Mechanochemical synthesis of-aByl-substituted benzoxaborole6.6) via a Grignard reaction between
bromothiopheng5.1) and pinacol boronateased aldehyd¢s.5) under ball milling conditions in THF. Fluorination 6f6 with

KHF: affords theo-aryl-BFsK-substituted thiophene methar{b!7).

5.2.1.3. Miyaura Borylation as an alternative route for p-arylboronate-substituted

thiophene methanol

As the synthesis of-arylboronatesubstituted thiophene methanbl3 through the
mechanochemical Grignard approach afforsl&in low yield and required extensive purification,
Pd-catalyzed Miyaura borylation was used as an alternative synthetic route. Following a previously
reported proceduré& bromothiophenanethanon&.8was reacted with bis(pinacolato)dibor®®
as a boron source, using Pd(dppf) ClI as the c
the reaction. The reaction afforded fharyl-boronatesubstituted ketone intermedid&d.0, which
was isolated in 14% yield after purification of the crude reaction mixture (Scheme 5.3). The ketone
intermediate5.10 structure was confirmed byH and*B NMR spectroscopy. Notably, thel

NMR analysis revealed no detectable impuritiesficming the purity of the isolated intermediate.

0
JU o)

(0] H3C”™ "OK s OH
S o 0O Pd(dppf)Cl, NaBH, S
] + BB . \ O =
\ 5 o) o dry dioxane 510 B~ EtOH, rt, 1 h 53 g-O
r . ' ’ '
5.8 5.9 overnight, 80 °C 0 07Z<

14%

Scheme 5. Synthesis of faryl-boronate substituted thiophene methanbrid via palladiumcatalyzed Miyaura borylation

followed by hydride reduction tgield p-arylboronatesubstituted thiophene methanbl3).
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5.2.2. Synthesis of azidecontaining thiopheneethanol derivatives for metal-free

tryptophan labeling

Azide-containing thiophenethanol derivativeswere synthesized to enable selective,
metalfree labeling of tryptophan residues on a model peptide. In a previous repoouirgnoup,
thiophené&ethanol reagents bearing an alkyne handle were developed for secondary labeling via
azidg alkyne cycloaddition proceséHowever, this strategy required a copper catalyst, which can
be incompatible with biological systems. dwoidthe need for copper catalysis, azmmtaining
thiophené&ethanol reagents were designed and synthesized for secondary labeling through copper
free azidealkyne cycloaddition. This design leveraged our earlier findings that identified the 5
position of tie thiophene ring and the ethanol methyl moiety as optimal functionalizatiod’sites.
The synthetic route to compoubdL4involved the synthesis of a thiophecarboxylic acidb.11,
which was obtained in 83% vyield following a previously reported proceéduxmide coupling
betweerb.11and an azideontaining amine reagent with a PEG chaib?2was carried out using
HATU as the coupling agent. After purification, the resulting intermedidit8 was isolated in
43% vyield and characterized to confirm the successful amide coupling (Figure S56219.
Intermediate5.13 was then subjected to hydride reduction using excess sodium borohydride
NaBHs, where successful reduction of the acetyl moiety to benzyl alcohol yieldetesived
azidecontaining thiophene albol 5.14in 42% yield (Scheme 5.4AJhe structure was confirmed
through spectroscopic and analytical characterization, with IR showing a broad absorption band
of both hydroxyl (OH) and amide NH gr oups overl apping around
characteristic absorptions of both the azgleup and the amide carbonyl were observed,

supporting the successful reduction of the acetyl moiety to benzyl alcohol. (FigureS52283.
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In parallel with the synthesis 6f14 the azidecontaining thiophene ethanol reagbrit7
was synthesized via substitution of the alkyl chlo®dEs with sodium azide, yielding a ketone
intermediates.16 with an azide group in 39% vyield. Subsequent reduction of the ketone moiety
with NaBH;, afforded the desired azidenctionalized thiophenethanol reagent with alkyl chain
5.17in 63% yield (Scheme 5.4B). The successful reduction was confirmed by NMR and IR
analysis (Figure S5.385.32).

The synthesized thiophemeagent$.14and5.17 were further used for peptide labeling
under metafree conditions in hexafluoroisopropanol (HFfP)nterestingly, the model peptide
somatostatin was effectively labeled wihl4 However, thiophenesagent5.17 showed no
significant modification under similar conditions, which is inconsistent with the molecular design
based on the previous repéfiThe report suggested that installing a group on the alkyl moiety of
the thiophenesthanol scaffold was not expected to reduce the compound ability to modify

tryptophan residues.

5.12
A NH
1)N3J%O'/\%3 2
HATU, 'PrNEt H S ‘ OH
o, N 3N
S 0] 43% » NSJ\LOA}S
| 2) NaBH o)
HO 3\ 4
o 420/0 5.14
5.11
Cl N3
B ; 1) NaNj 2
39% S OH
| O > Q ‘
\ 2) NaBH4
5.15 63% 547

Scheme 5. Thiophené&ethanol labeling reagents with azide handles for nfegaltryptophan modification. (A) Synthetic scheme
for thiophenéethanol with an azide handle at thedsition ofthethiophene ring. HATU: Hexafluorophosphate azabenzotriazole
tetramethyluronium. (B) Synthetic scheme for a thiophene ethanol with an alkylazide moiety originating from the ethamol carbo

The scheme was modified framh e o r i g i n\eisibni? Copyuight € 2624, &Rdyal Society of Chemistry.
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5.2.3. Synthesis of adrug payload containing a disulfide linker and bioorthogonal handle

for protein conjugate preparation.

With the azidecontaining thiophenethanol reagens.14 enabling selective, metéiee
labelling of tryptophan residues, the next step was to extend thefreetatrategy to antibody
functionalization. The goal was the preparation of antibody-doingugates (ADCSs), in which a
cytotoxic payload containing @eavable disulfide linker and a lmdhogonal handle would be
conjugated to the azidenctionalized antibody via coppéee click chemistry, enabling the
formation of ADCs.

The proposed design starts with the modification of tryptophan residues on the antibody
using an azideontaining thiophenethanol reager.14under metafree conditions, resulting in
the formation of an azidemodified antibody. A cytotoxic payload, SB8 (7-ethyl10-
hydroxycamptothecin), a potent chemotherapeutic agefinctionalized with a strained alkyne,
specifically bicyclo[6.1.0]nom-yne (BCN). The BCN alkyne moiety is linked to &8 via a
glutathionesensitive linker, generatinBCN-SSSN-38 (5.27) Following this, the BCN moiety
enablel copperfree click conjugatiorof the azide group on the antibody via strpiomoted
azide alkyne cycloaddition (SPAAC), affordirthe final conjugat®CN-Ab-SSSN-38 (Scheme
5.5). The disulfide linkage can be cleawed tumor environment and under reductive intracellular
conditions, such as high glutathione (GSH) concentratidush cleavageeleases the drug SN
38, enabling controlled drug delivery to the tumor amdjeted chemotherapy (Scheme 5.5).
Interestingly, the proposed design eliminates the need for toxic metal catalysts, providing a

biocompatible strategy for the development of ADCs.
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Scheme 5. A scheme illustrating the antibodirug conjugate (ADC) preparation through métak tryptophan labeling,

followed by glutathiondriggered cleavage of the disulfide linker to release the cytotoxid&phyload.
5.2.3.1. Efforts for the synthesis of BCNSSSN-38 conjugate.

With the proposed ADC desigtine next stegvas to synthesiz8N-38 functionalized with
a biocorthogonal handlerequired for SPAAC chemistry. Straipromoted alkynezide

cycloaddition (SPAAC) isa type ofclick chemistry reactiorthat formsa triazole through the

reaction of an azide group with a strained alkymghout the need fom metal catalyst. This
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reaction can occur in a biological environmentwithout affecting the function ofthe native
biomolecule makingit useful forconjugation*

7-ethyl10-hydroxycamptothecib.24 also known as SI88, belongs to theamptothecin
family and is the active metabolite of irinotecan, an Fapproved anticancer drdgSN-38 is
known to exhibita potent inhibitory effect against DNA topoisomerase | and isI@D times
more potent than irinotecdh®’ However, the clinical use of SBB is limited due to poor
solubility, its lipophilic nature high toxicity, andinstability under physiological conditiori8.

Within the context of FDAapproved ADCs, especially those targeting breast cancer, SN
38 was used as a cytotoxic payldagurthermore, because S38 is fluorescent, it allows for
analysis of ADCs using fluorescerteehniques?® As previously discussed in the proposed design,
the BCN alkyne group will be linked to SB8 through a glutathiorgensitive linker. Earlier
research by the Ohata lab demonstrateeB8Nnked to an acigensitive carbonate linker with an
azide handle for the preparation of AD%¥4! ADCs with SN38-based carbonate linkers have
also been reported; however, such linkers have shown instathifftgulty in preparatiorf? and
rapid cleavage of the carbonate linkE€Despitethe success of FDApproved ADCs with acid
sensitive linkers, such as the hydrazone linker in Myldtanggst ADC preparation technologies
have shifted towards more stable linkers, rather than-labitk ones® Considering such
limitations, a new SKRB8-based linker functionalized with bioorthogonal handle was designed.

To develop an SMK88 conjugate with a bathogonal handle suitable for copgese
conjugation, a strained alkymentaining compound, BCN (Bicyclo[6.1.0]ndryne-9-
methanol), was chosen for S8 functionalization. BCN combines both high reactivity and easy
synthetic accessibility, making itedl for bioorthogonal labelint}. To incorporate BCN into the

SN38 payload, BCMNDH 5.19was reacted with-#itrophenyl chloroformat&.20in the presence
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of catalytic DMAP at room temperature for 3h, following a previously reported proc&dLine.
reaction afforded the activated B@iitrophenytcarbonate (BCNNPC) intermediatg5.21) in
67% yield after purification (Scheme 5.6). IMS analysis andH NMR spectroscopy further
supported the formation of the desired product, withNLE showing the expected molecular
weight (n/z= 315) (Figure S5.33). In the next step, BCN functionalized wisulfide linker
(5.23 will be formed by reacting the activated carbonate intermesliaiavith cysteine derivative
5.22 This reaction willenable the installation of a cleavable disulfide linker onto BCN, yielding
compound 5.23, which is theaady for conjugation to the S8B payload (Scheme 5.6A).

For conjugating5.23 to SN-38, the hydroxyl group at the C10 position of -S8!
(compoundb.24) was selectively protected withe tertbutyloxycarbonyl (Boc) group by reacting
5.24 with Boc anhydride in th@resence of pyridine overnightThe resulting Bogrotected SN
385.25was purified and isolated in 72% vyield. IM'S analysis of the isolated product confirmed
the purity and showed the expected molecular ion peak m/z= 493 (Figure S5.34). Moreover, the
successful protection by the Boc group was further supportéd ByMR. Following protection,
Boc-SN-38 5.25 was reacted with -itrophenyl chloroformat&.20in the presence of DMAP
overnight to affords.26following a reportedprocedure!’ LC-MS analysis of the crude reaction
mixture showed the expected molecular ion peakz & 658) and 'H NMR validated the
successful synthesis &t26 (Scheme 5.6B and Figure S5.35). As a final step, the previously
synthesized BCN bearing a disulfide linke23 will be conjugated to BaSN38nitrophenyt
carbonates.26 (Boc-SN-38-NPC). Then, the Boc group can wemovedfrom SN-38 by TFA
treatment, without degrading the &8 structure, affording the desired BE$SN38 conjugate

5.27for SPAAGbased antibdy conjugation (Scheme 5.6C).
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Scheme %. Proposed synthesis of BESBISSN38. (A) Synthetic scheme for BEnctionalized linker via reaction of BGRH

with 4-nitrophenyl chloroformate, affording carbonate intermediat2l1) for later conjugation with a disulfigentaining linker.

(B) Boc-SN38nitrophenyl carbonate (BeBN-38-NPC) synthesis. Protection of the C10 hydroxyl group of SN38 with Boc

anhydride, followed by reaction with-ditrophenyl chloroformate to affor8.26. (C) Proposed conjugation of the BEN

functionalized disulfidecontaining lhker5.23to BOGSN38nitrophenyl carbonatg.26to yield BCNSSSN38(5.27).

5.2.3.2. Efforts for the synthesis of DBCOSSSN-38.

Along with BCN-functionalizedSN-38 (BCN-SSSN-38), a DBCQbased version

incorporating a disulfideontaining linker was synthesized to enable future applications through
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coppeffree click chemistry. Owing to the simple synthesis and effective coupling, BCN and
dibenzocyclooctyne (DBCO) are widely used for SPAAC in bioconjugatidvihile BCN has

lower lipophilicity compared to DBC®, DBCO exhibits higher reactivity in SPAREand has

been successfully used to achieve-sjiecific conjugation of an antibodyInterestingly, with
recent improvements in commercial availability and pricing, DBCO has become an increasingly
attractive and more economical option than BCN for lacme synthesi¥ Given these factors,

a DBCO-SN-38 conjugate was designeflince both DBCO and SR8 are hydrophobic, a
polyethylene glycolR E (pspacer was added to improve solubility, decrease hydrophobicity, and
assist with subsequent conjugation to an antibody.

The synthesis of &.31was carried out through an amide coupling between DRCIO
5.29and amineP E &GH 5.30using HATU as the coupling agent and DIPEA as a base with the
reaction proceeding overnight. The reaction was monitored bYWEBC which verified the
successful amide coupling anelvealedthe expected molecular ion peak (m/z= 481.32) (Figure
S5.36). The crude product was purified and isolated to provide the desired-BEC@DH 5.31
in 48% yield (Scheme 5.7A). The structures@lwas further confmed by*H NMR. In thenext
steps, a onpot, twostep synthesis was employed to obtainRE€-DBCO substrate containing
a cleavable disulfidéinker DBCO-PEG-SSN H 5.32 following a reported literatur®. To
achieve this, DBCEPEG-OH 5.31was reacted with-iitrophenyl chloroformatb.20to generate
an activated carbonate intermediate, DBEBG-nitrophenyl carbonate (DBGOEG-NPC).

The formation of the intermediate was confirmed byMGS analysis displaying a molecular ion
peak (m/z = 646) (Figure S5.37). Without isolating the intermediate, a dialismiéde
containing linkels.22was added directly to the DBCREG:-nitrophenyl carbonate intermediate,

to afford the final desired product DBEGREG-SSNH 5.32(Scheme 5.7B). Completion of the
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reaction was confirmed by L®IS, which showed a molecular ion at m/z = 859 (Figure S5.38).
The crude product was purified to yi&B2in 42% yield.!H NMR was performe, confirming

the successful synthesis &t32 the presence of PEG and DBCO moietiasd signals
corresponding to the disulfie®ntaining linker. Nably, the final produck.32contains an amine
group that will beusedlater to form a carbamate linkage with B8bl-38-nitrophenyl carbonate
5.26(Boc-SN-38-NPC). Through a TFA treatment, Boc groups carebo@ovedo afford the final

DBCO-P E GSSSN38 conjugat®.33

5.30

HN O 0O on
N .
HATU, 'ProNEt
OMOH 2 > Ho/\/o\/\o/\/o\/\N)W

DMF, overnight, rt 5.31

49%

02N 520
0 0 s
HO " \/\N)W DMAP, DCM, rt, 2 h - O
N H H NH,

NH, s“‘)ko OMN\/\O/\/O\/\O/\/OWNrS S A0
OT('VS NH, o) 0.
o}
>r o) 5.22 5.32 7<

DIPEA,DMF, it, 1 h 42%

y

%

1) WO( =0 -
ON 5.26 0 O O
7 N N
DIPEA,DMF, rt, 1 h HO _ \ / o H o]
————————————————————————————————————— > N g /\/N

2) TFA/DCM )\ﬁ H 00

Scheme 57. Proposed synthesis of DBE®E GSSSN-38. (A) Amide coupling of DBCéxcid (5.29 with aminePEG40OH
(5.30 to afford DBCOPEG4O0H (5.31). (B) Synthetic route to DBCB®EG-SSNH: (5.32). (C) Proposed conjugation of DBECO

P E GSSNH:2 (5.32 with Boc-SN-38-nitrophenyl carbonaté.26) to yield the final drug conjugai®.33.
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5.3. Conclusion and Outlooks.

In this work, thiophendased reagents containing eitteiluoroborateor azide groups
were successfully synthesized for the selective modification of tryptophan residues in proteins.
These reagents can be used for mieesd and additivdree bioconjugation for the preparation of
protein conjugates. Furthermore, the design and synthesis of a drug p&Ne&f) incorporating
a disulfide linker and bioorthogonal handles bearing either BCN or DBCO mauaisgsesented.

The designed structure enables $\to be linked to an antibody through SPAAC, while providing

a metalfree route for ADC preparation. Moreover, further release of the active drug from the
conjugate is proposed to occur under a reductive intracellular environment.

Indentefforts will focus on linking the synthesized DBEREG4SSNH2 to SN38, followed by
SPAAG-based conjugation to azidigbeled antibodies to form ADC3esing the drug release
from the linker in vitro under reducing conditions (e.g., glutathione, DVl also be performed
along with evaluating the cytotoxicity of the prepared ADCs agbdlBR2-overexpressing breast

cancer cells.
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5.4. Experimental Data

General information

All chemicals were purchased from commercial vendors unless otherwise noted, including
reagents. All the chemicals synthesized were done so in air unless stated oth&tmdel @
hydroxycamptothecin (SN38) with a purity (97%) was purchased from CBhaobks (ST6573).
DBCGO-acid, BCNOH, 2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethanol, andQysteine bisft
butyl ester) dihydrochloride were all received from Ambeed

Instrumentation

NMR

NMR was conducted on Bruker AVANCE NEO 500,600 and 700 MHz.

LC-MS

LC-MS analysis was performed on Thermo Vanquish LC system aneXlTiipear iontrap MS
system. A C18 revergehase column (Hypersil Gold 250032130, particlsize 3 um, diameter:
2.1 mm, length 30 mm) was used for analysis of small molebylesing 286hm UV detection
unless otherwise noted. The flow rate Wa& mL/min with the gradient of acetonitrile {19D%
for 3.5 min, and then 90% for 1Bin) in the presence of 0.1% formic acid.

FT-IR

IR was conducted in Cary 630 FTIR spectrometer by Agilent Technologies.
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Experimental Procedures
Preparative synthesis of small molecules

Organic synthesis procedure.

OH
1) Mg s

S Br THF, 60 min, rt C
o B©
075

2) Oj§< 5.3
5.1 é\o 3%
‘ 5.2

0 60 min, rt

(4-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)(thiophen-2-yl)methanol (compound

5.3): Mg turnings (11.4 mg, 0.470 mmol) were placed in a milling jar (stainless steel; 1.5mL) with

a ball (stainless steel; 5 mm diameter). To the j@,”20 mot hi ophene (45.5 ¢lL
mmol ) and THF (76.2 ¢lL, 67 . 7 mglosedtandPplaced imemo | )
ball mill (Retsch MM500 Vario mixer) and milled at 30 Hz for 60 min. After that, the jar was
opened itheair,and 4f or my |l phenyl|l boronic aci d, pinacol e
was added quickly. The jar was closed amdthrough another milling at 30 Hz for 60 min. The

milled reaction mixture was washed with &Hb, and the formation of the product was confirmed

by TLC (8:2 Hexane/EtOAc). The reaction mixture was purified (3x) by Yamazen Smart Flash
W-Prep dual channel chromatography with Hexane/EtOAc (90:10) as the eluent to afford a white
solid hydroxy intermediat as a white solid (5 mg, 3%).NMR (600 MHz, CRCN) 11 7.72-7.66

(m, 2H), 7.467.41 (m, 2H), 7.29 (dd= 5.1, 1.3 Hz, 1H), 6.93 (dd= 5.1, 3.5 Hz, 1H), 6.89 (dt,

J=3.5, 1.1 Hz, 1H), 6.02 (d,= 4.2 Hz, 1H), 4.11 (d] = 4.3 Hz, 1H), 1.32 ( s, 12HJC NMR

(176 MHz, CBCN) 11150.2, 148.5, 135.4, 127.5, 126.4, 126.0, 125.30, 84.7, 72.2, 53244,

2922, 2855, 1610, 135#B NMR (192 MHz,CBCN) U 30.5 (s) .
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OH

I OH
\ o KHF, s

B~ \
5.3 0O MeOH, overnight ,rt 5 BF,K

55%

Thiophen-2-yl(4-(trifluoro -a#-boraneyl)phenyl)methanol, potassiunsalt: The compound was
prepared by dissolving {#,4,5,5tetramethyl,3,2dioxaborolar2-yl)phenyl)(thiopher2-yl)
methanol5.3) ( 11 mg, 0.0348 mmol) in MesOHut22h {bY.
0.262 mmol, 4 M) was prepared and added to the boronic acid dissolved in MeOH. The reaction
mixture was rotated overnight at rt. The solvent was removed under a gentle flawas.N he

crude residue was extracted with acetone, the mixture was filtered, and acasaeenved by a
gentle flow of N gas. The solid was recrystallized from a minimal amount #9 Et1 mL) and

dried under high vacuum to afford the potassium trifluorobdsat@s a white crystalline solid

(5.7 mg, 55%)'H NMR (600 MHz, CBCN) 11 7.40 (d,J = 7.6 Hz, 2H), 7.26 (ddl= 5.1, 1.3 Hz,

1H), 7.19 (dJ = 7.5 Hz, 2H), 6.91 (dd] = 5.1, 3.5 Hz, 1H), 6.886.80 (m, 1H), 5.91 (d] = 3.8

Hz, 1H), 3.90 (d,J = 4.2 Hz, 1H).X*C NMR (176 MHz, CBCN) {i 151.0, 141.8, 131.9, 127.0,
125.1, 124.5, 72.6. IR 3392, 2922, 1610, 1394, 1223, 1IBANMR (192 MHz, CRCN) (i 3.43

(d,J = 37.4 HZ) 1°F NMR (564 MHz, CBCN) {i-142.22 (d,) = 68.2 Hz).
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1) Mg 0-B
S Br THF, 60 min, rt S

| \
D 5.6
O\B 8%
>§Vd 5.5
60 min, rt

3-(thiophen-2-yl)benzolc][1,2]oxaborol1(3H)-ol:

Mg turnings (32.6 mg, 1.34 mmol) were placed in a milling jar (stainless steel; 1.5mL) with a ball
(stainless steel; 5 mm diameter). Tothe ja,2 o mot hi ophene (130 ¢lL, 210
THF (218 €L, 193 mg, 2.68 manadplagedwabalemilldReetdcead . T h
MMS500 Vario mixer) and milled at 30 Hz for 60 min. After that, the jar was opentbe iair,and

2f ormyl phenyl boronic aci d, pinacol ester (296
jar was closed and ran throughother round of milling at 30 Hz for 60 min. The milled reaction

mixture was washed with CBl2, and the formation of the product was confirmed by TLC (80:20
Hexane/EtOAc). The reaction mixture was purified (2x) by Yamazen Smart Fld3trepvdual

channel chromatography with Hexane/EtOAc (80:20) as the eluent to afhioBhen2-
yl)benzol[c][1,2]oxaborok1(3H)-ol intermediate aawhite solid (25 mg, 8%)}H NMR (600 MHz,

CDsCN) 1i7.78 (d,J = 7.3 Hz, 1H), 7.547.48 (m, 1H), 7.42 (t) = 7.4 Hz, 1H), B4 (dd,J = 5.1,

1.1 Hz, 1H), 7.347.29 (m, 1H), 7.1&.17 (m, 1H), 7.01 (dd] = 5.1, 3.5 Hz, 1H), 6.86 (s, 1H),

6.44 (s, 1H)*C NMR (151 MHz, CBCN) U 207.5, 157.5, 146.0, 132.1, 131.2, 128.7, 127.7,

126.8, 126.7, 123.3, 79.3, 30.8. IR 3355, 2922, 2848 1610,1416 ¥86AIMR (192 MHz,

CDsCN) Ui 32.5, ()

137



OH
0-B OH BFzK
S KHF, S
MeOH, overnight ,rt \ I
5.7

70%

5.6

Thiophen-2-yl(2-(trifluoro -l14-boraneyl)phenyl)methanol, potassium saitTo the intermediate
3-(thiophen2-yl)benzo|c][1,2]oxaboroll (3H)-0 | (6.5 mg, 0.030 mmol)
aqueousKHFs ol uti on (57 L, 0.227 mmol, 4 M) was
overnight at rt. The solvent was removed under a gentle flowe glabl The crude residue was
extracted with acetonehe mixture was then filtered, and the acetone was removed by gently
flowing N2 gas. The solid was recrystallized from a minimal amount €D Et1 mL) and dried
under high vacuum to affortié potassium trifluoroborate salt as a white powder (4 mg, 70%).

IH NMR (700 MHz, CBCN) ti 7.34 (d,J = 6.5 Hz, 1H), 7.15 (dd] = 6.2, 1.4 Hz, 1H), 7.1D

7.04 (m, 3H), 6.98 (dd] = 7.2, 0.5 Hz, 1H), 6.92 (dd,= 4.2, 2.1 Hz, 1H), 6.00 (d,= 8.4 Hz,

1H), 3.25 (s, 1H)}C NMR (151 MHz, CBCN) i 154.2, 129.0, 127.2, 126.83, 126.76, 124.4,
123.3, 122.2, 76.8. IR 3534, 2997, 2945, 2289, 2251, 1633, 1439, 1372 *BLRBVIR (192

MHz, CD:CN) {i9.09 (t,J = 52.8 Hz), 3.37 (d) = 60.0 Hz).’®F NMR (564 MHz, CBC N) - U

136.59 (M);136.12 (M);137.66 (M);140.49(m).

0
JU 0

(0] H3C~ OK s
S o 0O Pd(dppf)Cl, ]
| + B-B, - \ o
\ o o dry dioxane 5.10 B-
Br ' C')
58 5.9

overnight, 80 °C 14%
(]

(4-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)(thiophen-2-yl)methanone:
4-(Bromophenyl)(thiophei2-yl)methanone (50 mg, 0.187 mmol), Bis(pinacolato)diboron (48 mg,
0.189 mmol), PdG(dppf) (6.85 mg, 0.0093 mmol), and potassium acetate (35.6 mg, 0.363 mmol)

were mixed with dry dioxane (1.42 mL) undenitrogen atmosphere. The mixture was stirred at
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80 °C overnight. The formation of the product was confirmed by TLC (8:2 Hexane/EtOAc). The
reaction mixture was diluted with C8lz, followed by celite filtration and dried under vacuum.
The crude product was purified by two rounds by silica gel chromatography with 90:10
Hexane/EtOAc as eluent to afford the ketone intermediatgvhge crystalline solid (8 mg, 14%)

IH NMR (500 MHz, CBCN) {1 7.89 (ddJ = 5.0, 1.1 Hz, 1H), 7.86 (d,= 8.2 Hz, 2H), 7.83 (d]

= 8.1 Hz, 2H), 7.68 (dd] = 3.8, 1.1 Hz, 1H), 7.23 (dd,= 5.0, 3.8 Hz, 1H), 1.35 (s, 12H)B

NMR (192 MHz, CBCN) {1 9.09 (t,J = 52.8 Hz), 3.37 (dJ = 60.0 Hz)1!B NMR (192 MHz,
CDsCN) 1 31.05 (s).

5.12

NH»
N f07 HW 0
HATU, 'PryNEt N 3\
S ‘ (0] —2> Na\/éo/\i
HO 3\ DMF 0

o rt, overnight 5.13

5.11 43%
4-(5-acetylthiophen-2-yl)-N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)butanamide:
To a mixture of 4(5-acetylthiopher2-yl)butanoic acid (60.0 mg, 0.283 mmol) and HATU (73.2
mg, 0.311 mmol) in a 4 mL vial equipped with a magnetic stir bar, dimethylformamide (0.275mL)
was added. The reaction mixture was cooled in an ice bath for 2iminear whi ch Huni g
(43.8 mg, 0.339 mmol) was added and stirred for 5 min. The mixture was cooled in an ice bath
again and then dJaminc11- azido 3,6,9trioxaundecane (92.5 mg, 0.424 mmol) was added. After
the reaction mixture was stirred overnighttagll volatiles were removed by a gentle flow of N
gas. Afterwards, CECl2 (7 mL) was added, and the resulting mixture was washed with brine (7
mL). The CHCIz layer was further washed with KH2Q@ M, 3 x 5 mL), saturated NaHG(B x
5 mL), and brine (7 mL), dried with M80O4, and filtered. The resulting solution was dried under
vacuum to afford the crude produttat was purified by Yamazen Smart Flash-Rkep dual

channel chromatography (ethyl acetate as an eluent) to afford a-brange liquid (50.0 mg,
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43%).'H NMR (500 MHz, CDCY) : U J= 383z, (H),,6.84 (d] = 3.8 Hz, 1H), 6.04 (s,

1H), 3.683.61 (m, 10H) 3.55 (] = 5.6 Hz, 2H), 3.45 (g] = 5.3 Hz, 2H), 3.39 (] = 5.1 Hz, 2H),

2.89 (t,J = 7.5 Hz, 2H), 2.51 (s, 3H), 2.23 {t= 7.4 Hz, 2H), 2.04 (m, 2HFC NMR (700 MHz,

CD«CN): o 191.0, 172.6, 155.3, 142.9, 134.0, 1:
27.6, 26.3. IR: 3317, 2102, 1666. HRNESI (m/z) [M+H] calcd for GeHzoN4OsS, 413.1849;

found 413.18532.

HWO NaBH, -~ \AOA}HWOH
N3\/-€OA>;N 5 N | Na 5 0

EtOH
rt, 2 h 5.14

5.13 42%
N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyb4-(5-(1-hydroxyethyl)thiophen-2
yl)butanamide :
To 4-(5-acetylthiopher-yl)-N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)butanamide (23.0
mg, 0.056 mmol) dissolved in ethanol (0.198 mL), NaB&33 mg, 0.167 mmol) was added in
one portion and stirred for 2 h at rt. Ethanol was removed by a gentle flowgaisNAfterward,
H20 (7 mL), ethyl acetate (7 mL), and brine (2 mL) were added, and the product was extracted
using ethyl acetate (2 x 6 mL). The combined organic layebaelswashedvith brine (11 mL),
dried with NaSQq, and filtered. The mixturevas dried under vacuum to obtain a viscous brown
orange liquid. (10 mg, 42%H NMR (500 MHz, CDCY) : U &=348iz, (H), 6.64 (d] =
3.4 Hz, 1H), 6.02 (s, 1H), 5.04 (&= 6.5 Hz, 1H), 3.683.61 (M, 10H), 3.55 (1] = 5.6 Hz, 2H),
3.45 (g,J = 5.3 Hz, 2H), 3.38 () = 5.1 Hz, 2H), 2.83 ( = 7.2 Hz, 2H), 2.22 (] = 7.4 Hz, 2H),
2.001.92 (m, 3H), 1.57 (d] = 6.4 Hz, 3H)33C NMR (700 MHz, CBCN) : & 173.1, 149
124.8, 123.5, 71.1, 70.9, 70.5, 70.3, 66.3, 51.5, 39.8, 35.8, 2%9238/. IR: 3326, 2102, 1647.

HRMS-ESI (m/z) [M+Na]+calcd for @&H30N4OsSNa, 437.1821; found 437.18291.
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cl N3

2
2

o NaN3 S 0)
_
N DMF \ 516
5.15 70 °C, 2h

39%

4-azido-1-(thiophen-2-yl)butan-1-one 4-chloro-1-(thiophen2-yl)butan1-one (30 mg, 0.159

mmol) and NaN (21 mg, 0.318 mmol) were suspended in DMF (0.638 mL) and the reaction
mixture was stirred at 7@ for 2 h. After completion of the reaction, the reaction mixture was

diluted with EtO (3 x 10 ml) and washed with water (3 x 10 ml). The organic layer was separated

and dried over anhydrous M0 The solvent was removed under a gentle flow pgak to

obtain a colorless oil (12.0 mg, 39%). The small molecule product did not give any gieanin

signals in the higiesolution mass spectrometry analy$i$.NMR (700 MHz, CRC N ) : a 7.82
(dd,J = 3.8, 1.1 Hz, 1H), 7.77 (dd,= 5.0, 1.2 Hz, 1H), 7.19 (dd,= 5.0, 3.8 Hz, 1H), 3.39 (§,

= 6.9 Hz, 2H), 3.03 () = 7.2 Hz, 2H), 1.971.95 (m, 2H)3C NMR (700 MHz, CBCN) U 193. 3,

145.0, 135.0, 133.5, 129.4, 51.5, 36.5, 24.3. IR: 2095, 1662.

4-azido-1-(thiophen-2-yl)butan-1-ol : NaBHi(4 mg, 0.132 mmol) was added into the solution
with 4-azido1-(thiophen2-yl)butantl-one (15 mg, 0.0768 mmol) in ethanol (0.384 mL). The
resulting mixture was stirred overnight at rt. Then, the solution was concentrated under a flow of
N2 gas and HO (1 mL) was added. Afterwards, the mixture was extracted with dichloromethane
(3 x 1 ml). The combined organic layers were washed with brine and then dried with anhydrous
NaSQu. The desired alcohol can be obtained after removing the solvent under a gentle flow of N
gas (9.5 mg, 63%). Because of the volatile and potentially explosive nature of the product as a
relatively small azide compound, the drying process under high vacuum was omitted, and

therefore, a small amount of @El2 was observed itH NMR spectrum of the product. The small
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