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g Problem of Traditional Modifications

Strain-release alkylation (Ref. 45 and 46)
= H.K, NIOL S} T.W, Y, o-cid, o-amine Problem
Cys « midd CONGItONS, SHOM rEACoN limes
)" - *  instaliation of high-value small, strained ring
- systom

SO,Ar Pd-catalyzed arylation (Ref. 47) ® Side reactions of

. ME&MQ).S::’,Y .
s = sl ped ks Cys and Lys units,
. *  no N-terminal protection required o .
il e EE ORI MY ST e ® Limited site- and

: memm_m chemo-selectivity
Flome  prolsincaminePro) o |
Lys S e vt s PGl G o el ® Limited functional

H
N — roup tolerance
2 ‘)k ned i Iminoboronate formation (Re. 62) 9 P
".,l.‘ ) protein
H;N N == B(OH), +  potentially reversidie
! » roadily decomposes in the presence of

R glutathione Chiang, CW. et al. Commun
*  proceeds in aqueous buffer Chem. 2020, 3, 171.



g Advantages of SET

Traditional Photoredox Electrochemical
Modification Modification Modification
@Well-developed @Visible-ight-driven  @Well biocompatibility
@User-friendly @Mild conditions @Environmental friendly
@have been applied for ¢, 5604 biocompatibility @Rapid reactions
in vivo tests
Hs Smitation BLong reaction times .IRIM reports

Chiang, CW. et al. Commun
Chem. 2020, 3, 171.

e
")

e A

AA = target amino acids

Chemical group = fluorescent,
biotin, haptens, nanoparticles,
proteins, nucleic acids or other
biomolecules.

SET

® | ess side reactions.

® Mild reaction conditions
® High site-selectivity

® High functional group

tolerance



Traditional
Modification
wWell-developed
@User-friendly
@have been applied for
in vivo tests
® Substrate-imitation

Chiang, CW. et al. Commun
Chem. 2020, 3, 171.

Electrochemical

@Visible-light-driven

@Good blocompatibility
®Long reaction times

@Well biocompatibility
@Environmental friendly

v' Photoredox bioconjugation

® Mild and biocompatible
conditions

® The kinetics of the
reaction could be easily

controlled.
AA = target amino acids v" Visible-light-induced
bitn, haplons, hanoparices, photocatalytic methods
g:':(tne;l:&:ilggelc acids or other

® The structures of bioactive
molecules are preserved.
® Quite rare



Advantages of Trp

Advantages
of Tyr and Trp

v’ C(sp?)-H
functionalization of

aromatic compounds
has been extensively

developed

v Reactivity can be
activated by SET

Chiang, CW. et al. Commun
Chem. 2020, 3, 171.

Advantages of Trp

v The rarest of the amino acids
v" Widely and evenly dispersed in the proteome
v" The most electron-rich 1T-system of amino acids
® Electrostatically driven non-covalent
® H-bonding to neighboring functionality via
indolic N—H bond.

—~

v Enriched at centers of biochemical significance
v Maintain protein structural integrity through non-
covalent interactions.




BB Problem of Traditional Photoredox Trp Modifications

o]

0
?;nxi)L,xf CF3SO,Na 3‘5“3/"?‘-' Problem

B

2
s)
<I§ C \i <I,§‘CF3 v' Depends on Trp-selective

electrophile generation
® Compete with other biological

\

Chiang, CW. et al. Eur. J. Org. Chem. 2019, 46, 7596—-7605.

Glucagon - nucleophiles
H-$-Q-G~T-F-T-$-D-Y-$-K-Y~L-D-S$-R-R-A-Q-D-F-V-Q—} OH‘L-M-N\FP:;».
warceponamney'pestossa) | o H v' Limited biocompatibilities
2M K;HPO, aq. (15 equiv.), DMF o~
intgrted hotoeactor S0 om) | 1894 v" Few examples of the use as

- probes in situ

& NH
H H
H-$-Q-G-T-F-T-$-D-Y-§-K-Y-L-D-§-R-R-A-Q-D-F-V-Q-)" Y NL-m-N PP::OH
o

29
C ion: 45%, isolated yield: 16%

Shi, ZC. et al. J. Am. Chem. Soc. 2018, 140, 6797-6800.




! Contents

1.

2. Representative Researches
& Trp-Selective Modifications via PET

10



P Trp-Selective Modification via PET

Selective Modification of Tryptophan Residues in Peptides and
Proteins Using a Biomimetic Electron Transfer Process

Trp-containing N- qgrb_amoyl e Selective
Protein pyridinium salts (1) Labelling at Trp
'ﬁ,’x BF; r O Q ﬁ)" §

oM 1 = »0 | . O}
‘ R A\ /N—N.  ~
R® Me / \
: hv 15-150 min O)w/— \
N O N N
10 yM - 700 pM

i ism: -i No catal or lvent
B Putative mechanism: Photo-induced electron transfer l No ysts or cosolvents Taylor, M. T. et al. J. Am. Chem.

m Wavelength dependent activation by directly accessing [Trp]* or [1]* Soc. 2020, 142, 9112-9118.

v' PET between Trp and the pyridinium salt

v Trp-selectivity

v" Pure aqueous conditions

v N-carbamoylpyridinium salt 11
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o

Trp-containing
- @ Protein
(" ]H -8

o) N '
_ H o) HO
VAR ” O
. \
% % « transition metal-free N
-~ p

£

C@o

-
\ ./ )
v high Trp-selectivity J
C
' high homogeneity \/
+/ maintained tertiary structure

H
/' room temp. for 30 min / 10 yM =700 uM

R \ —N

N-carbamoyl
pyridinium salts (1)

BFy m O}— Q -

s |
(0] ;\ \
O N
O Me H

(o}

Me

hv 15-150 min

Selective

Labelling at Trp
L @"‘

m Wavelength dependent activation by directly accessing [Trp]* or [1]*

Kanai, M. et al. J. Am. Chem. Soc. 2016, 138, 10798— 10801,

r

-

Taylor, M. T. et al. J. Am. Chem. Soc. 2020, 142, 9112-9118.

M Putative mechanism: Photo-induced electron transfer B No catalysts or cosolvents

) 4
Trp-selective electrophiles

—Compete with other biological
nucleophiles

J .

This research :
Trp’s inherent photolability

~N

12



T 7
\ \ :
Lngs e s v" GSH acts as a reactive
T 1a Me T C
l o e o} oxygen species scavenger
: H,0 € v Trp selectivity
- v L v" High conversion
Octreotide (2) %a L Me
Entry [2JuM [1lmM  Buffera Additive t (min) Conversionof 2b  %2a (mono/di)b 1 a
1 100 10 NH40Ac 30 >95% 34% (>20:1) ‘/ Water Solublllty
2 100 7 NH40Ac 30 >95% 27% (>20:1) ‘/ Sta bl I Ity
I 3 100 7 NH40Ac TmMGSH 30 >95% 95% (>20:1) I . Methylated pOS|t|0nS
4 10 7 NH40Ac 1 mM GSH 30 >95% 95% (>20:1) 2 A[\F AR
I ost inhibits nucleophilic
5 100 7 NaHPO, 1mMGSH 45 >95% <95% (3:1) 3/ add Itlon
6 100 7 NaOAc 1T mM GSH 30 >95% 95% (>20:1)
7c 100 7 NH40Ac TmMGSH 30 0% 0%

Taylor, M. T. et al. J. Am. Chem.

Soc. 2020, 142, 9112-9118. 13



Me N—N
1a7 M\ S ™
a/m Me
(Biomolecule ] (Biomolecule)
hv (302 nm) 1 mM GSH
o
pH 6.9 NH,OAc
A
30-75 min w0 Y
N M XN
H H

Leuprorelin (3)  OH Mellittin (5) -2.8 kDa

-1.2 kDa

APLGTTLVKLVAGI/G-NH,

0
H
- S/N\)LN,I K/R'K'R'N'N-CONH,

H

“NH O

= »‘OM
b v A
07 ~OMe Me

70 uM: 85% conversion?

100 puM: >95% conversion®?
label:oxidation ratio: > 20:1

label:degradation ratio: 14:1
500 uM: 92% conversion®¢
73% isolated yield of 3a

v Trp selectivity
v' Good conversion

Daptomycin (4) Glucagon (6) -3.4 kDa

H
5 z HO
s J\&‘.

10 uM: 86% conversion?®/
label:oxidation ratio: 13:1

10 uM: 95% conversion?
mono:di labelling ratio: 9:1

14

Taylor, M. T. et al. J. Am. Chem. Soc. 2020, 142, 9112-9118.



7 Studes

(A) Temporal control experiments with 2
and 1a

(B) Additive and light-perturbation
experiments
v' Spin-trap TEMPO and Nal inhibited the reaction
® Quencher of Trp fluorescence
v' Alarge excess of prenyl alcohol has no effect
® |t trap free N-centered radical

(D) Mechanistic and NMR experiments

v R,S-Trp (>95% C-4 deuteration (302 nm), 75%
C-4 deuteration (311 nm))

v' 2a. 3a (Modification site : indole C2)

A
100
off off
off
&
20 off
off
0
0 20 40 60
T (min)
D NMR Characterisation:
R,S-Trp 2a, 3a
0o
Dﬁ €] £ YO o
(o)
HN N}\
" ND H
D [ o
HN
" P/(OMe
hv (302 nm) ©
D,0, 90 min Indole C2 position

>95% C-4 deuteration

primary site of
Confirms Trp photoexcitation

maodification

B
Additive % conversion? % 2a?
none >95% >95%
Me Me 349 <10%
Me ’:‘ Me
o
(7 mM)
Nal <5% <5%
(7 mM)
Me
>95% >95%
Me)\/\OH © °

hv condition % conversion? % 2a?

365 nm° 0% 0%
305 nm longpass filter:
30 min 35% 35%

120 min >95% >95%

Taylor, M. T. et al. J. Am. Chem. Soc. 2020, 142, 9112-9118.
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B Coupling Trp’s photolability with selective bond formation using N-
substituted pyridinium salts (1)

Trp-containing Protein Selective Labelling at Trp

- s R Q Q ] e
(‘:“p — »—O Ty
Qs ot R—Q\ NN @
NP~} - Me 4 NB-X-
= J R = i
y .

N
hv N N H
QO Me
R
R™ "N” "R
1
H
Wavelength/reagent dependant Group Transfer

activation of Trp through PET
[Tro]*-1 PET (lj
Q H / hv 5
o__o N} S—
R
Me’N‘(,?, / Me
RINAN/
R

hv  Trp-[1]* PET

Taylor, M. T. et al. J. Am. Chem. Soc. 2020, 142, 9112-9118.

v Quantum yield of the labeling of 2 is
consistent with that of Trp-photionization
—Electron transfers from [Trp]*

v" PET advances the reaction

Possible mechanism

1. [Trp]* activates 1 as a single electron
reductant

2. The labile N-N bond of 1 undergoes
homolytic cleavage

3. Trp radical and a reactive N-centered radical
generates, recombines and modifies Trp

selectively.
16



Modification of lysozyme

A Lysozyme (7): -14.3 kDa -6 Trp residues B: Unmodified 7 C: 7+1a%@@02nm) | F  site-Selectivity Confirmed via MS-MS
30 min.
W +1 mod
14308 14304 Y21 Y20 Y19 Yis_ Y17 Y6 Yis Y13 Yi2 Yn
NT«LDLG«LS{TLD}Y«(@}L«PQ{A
bs by bio byg A‘ c
Vs Yo Ys
1.0
16%)" LNTS{R—W-FW-FC—N—D—G—R — 1a
14346 ’—‘ bys B — 1d
® — 2
[7]=100 uM 14000 14500 15000 14000 14500 15000 §
Cyan: Trp Red: Tyr Mass (Da) Mass (Da) - Y: NO0.5
e D: 7+1d(302nm)° E: 7 +1d (320 nm)¢, ©
[Trp]*-pyridinium PET s }—OMe 15 min 91%2 (6:1)9 45 min 94%2 (4:1)9 i §
MSCN—N‘ L o0 g
1a ® Me - Yo
Me
1d: 0.0
m %o ko
reduction potential ot wavelength (nm)
B “:izmod 14482
BF‘_ e OMe . 14700 X8 Tay|0l‘, M. T. et al. J Am. Chem
\ "\(’I’)_N'Me 14000 1450 15000 14000 14500 15000 | O 5% bt o e Soc. 2020, 142, 9112-9118.
Trp-[pyridinium]* PET  1d Me Mass (Da) Mass (Da)
1d
Problem of 1a : ;
! . v Trp—[1]* is the main pathwa igr s
7 gy e v Mi?\im[iz]e de radationpdue to)i/ntraprotein LERNEE TR 21 e
® Reduction of proximal grad: . v" No glutathionylation
N . PET and avoid side reactions v L
disulfide by [Trp] : : : Trp-62 selectivity
: : v" (C) Irreversible reduction potential
® Thiyl radical exchange

shifted anodic compared to 1a 17



| Summary

Selective Modification of Tryptophan Residues in Peptides and
Proteins Using a Biomimetic Electron Transfer Process

Trp-containing N- qgfbgmoyl e 4 Selective
Protein pyridinium salts (1) Labelling at Trp
et | = Yo | et
' R— N—N :

R® Me / \
\ hv 15-150 min 0»~N/__ \
N O~ e M
10 yM - 700 uM

M Putative mechanism: Photo-induced electron transfer M No catalysts or cosolvents
Taylor, M. T. et al. J. Am. Chem.
m Wavelength dependent activation by directly accessing [Trp]* or [1]* Soc. 2020, 142, 9112-9118.

v" PET between Trp and the pyridinium salt

v’ Site selectivity for Trp and tolerant to other amino-acid

v Pure aqueous conditions

v' N-carbamoylpyridinium salt 18
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Trp-Modification via PET Using Visible Light

Donor—Acceptor Pyridinium Salts for Photo-Induced Electron-Transfer-Driven
Modification of Tryptophan in Peptides, Proteins, and Proteomes Using Visible Light

Donor-Acceptor violet to Trp-labeled Proteins &
Pyridinium Salt: biue Ay Proteomes

B~ Mo Q ARABARS

l | ’

Protelns Lysates in situ N

0 y
HN..';
0 Y Me'r Me @
: - b"':‘\
Me™ X4, PET-Induced Taylor, M. T. et al. J. Am. Chem.
Protein

Labeling Soc. 2022, 144, 14, 6227-6236

v Trp modification through PET
v' N-carbamoyl pyridinium salts have donor—acceptor relationship
v Surface exposed Trp-selectivity of peptides and proteins.

v Enrichment from live cell
20



B Problem Presentation

B Prior Work: N-carbamoyl pyridinium salts (1) for photo-induced electron
transfer (PET) driven Trp modification.

via:

Q o R=Me,Ph [Trp]*-pyridinium PEth
Me A \ !
5 S :
N- R
1 @)Y—_0 0, 4
Me Me BF4 y_o, HN
Y " hv (302-320 nm) N oM
N N Me &
H H
Né‘D‘
= Robust optical triggering = Concise reaction times =%
hv
= No organic cosolvents i i

= [1]= mM, Uv-B light required Trp [pyridinium]* PET

Taylor, M. T. et al. J. Am. Chem. Soc. 2020, 142, 9112-9118.

N-carbamoylpyridinium salt

Disadvantages

v" UV-B light induced photodegradation of labile
proteins and unintended cellular stress

Proteomic Profiling

C This work: Pyridinium probe (2) for Trp modification on

purified proteins and in situ.

© o}
BF, Me
WS S
N—N
OCosl
2 Me

= Triggered with visible light
= Efficient Reactivity at uM [2]
hv

QT
NHMe oﬁ/

’\ N©Me e
|_/~Me

Ar

Trp-[pyridinium]* PET

Taylor, M. T. et al. J. Am. Chem.

Soc. 2022, 144, 14, 6227-6236

Trp-labeled proteome

Radical Fragmentation-
Recombination



Calculated E, of [2a*]*:[2a] :

Fluorescence lifetimes (tf):
CH3CN: 3.3 ns 1,2-DCE: 4.1 ns

HoO:t,:0.3ns 1223.4 ns

Transferring
Donor Acceptor Group
1 1 1 1.0
BF.,@ Me O}-OM
e
e W W R
2a — Me
Me

Normalized units
o
(&)}
L

+1.330 eV

o
o
1

Taylor, M. T. et al. J. Am. Chem.
Soc. 2022, 144, 14, 6227-6236

Pyridinium scaffold 2a

v" Low photo-oxidation potential of 2

® Donor-acceptor relationship

® Absorbance of 2a > 450 nm

300 400 500
Wavelength (nm)

— absorbance — emission

600

+1 mod
BF4@ Me O, 14393
OMe
0L Y ¢ i
=(® e
[2a]=200 uMm ~ Me

hv 427 nm (kessil) ‘
pH 6.9 NH,OAc 25 o

GSH (300 pM) 14308 l 14697

>95% conversion?

Lysozyme (10 yM)
14.3 kDa Trp-62 modification: 14000 14500
6 Trp, 3 Tyr confirmed by MS-MS Mass (Da)
R= Me, Ph
® .
o4 ) \
1 ‘N-®N . %
Me
Me BFs )

v" Photoexcitation of 2a with visible spectrum

(B) Labeling of lysozyme

v Performance: 2a >> 1
v Visible light -

15000



H
Me. N 1.0
R
1.2 o S 0.8
N\H ? 0.8 off
]
NATA > off
o § 0.6
- off
1.14 [2a]= 100 uM g 0.4
R
802
10 Y = 2.596e-5X + 0.99
77— 0.0 ’ r .
0 2000 4000 0 20 40 60
[NATA] pM (t) min
A 2a in1,2-Dichloroethane B 2ain CH,CN
10 10
" — RF 8
S s 38 — 2a
g £
% 4 Tr= 4.1060x 5.2 ns B4 Tr= 3.2500+ 4.1 ns B Emission spectra of 2a in organic solvents
§
2 2 _ — DM
o T————— =6 — EOH
50 50 70 80 % 50 55 60 65 70 75 80 ; — MeCN
t(os) L £ 400
5
Cc 2ainH,0 >
10 g 200
H
8 £
] — RF = T T 1
56 o 400 450 500 550 600 650 700
% 4 4= 0.2548.% 2,06 ns Wavelength (om)
2 Tp= 3.3990x 2.5¢% ns Figure $14. Absorption and emission spectra

t T T T 1
50 55 60 65 70
t(ns)

Figure S15. Fluorescence lifetimes of 2a and 2b.

Taylor, M. T. et al. J. Am. Chem. Soc. 2022, 144, 14, 6227-6236

(C) Stern—Volmer plot of fluorescence
quenching of 2a with NATA

(D) Temporal control experiments

(S15) Fluorescence lifetimes of 2a
v Lifetime decreases as solvent polarity increases

(S14) Emission spectra of 2a
v’ Fluorescence intensity decreases as solvent
polarity increases

1. Excited state of 2a is suppressed in aqueous

systems.

2. 2a* cannot defuse widely -



E s1 o Trp-Containing Protein
BF: me ARARAR |
MeO =\ }'0 close proximity: <
—N
= [ <30 A
ve Me )
Absence of Reductive Quencher: N
hv Photostable H
Rttt lsteps
violet to g

blue Iight\“]\’z ’I h\' =4 “ARARMMAKS
S0

MeO ETE o
Q 'é N‘Me M el ﬁ

Trp-labeled Protein

Taylor, M. T. et al. J. Am. Chem. Soc. 2022, 144, 14, 6227-6236

oS8 3y

(E) Mechanistic considerations

v’ Excitation from SO to S1 is supported by
naphthyl — pyridinium charge transfer
v The redox potential of 2a is low

Reason for Trp selectivity

1. Short-lived excited state
2. Protein-2a pre-

complexation via hydrophobic effects
3. Kinetic preference for Trp

24



-' bsrte scope and Transferring Group Scope

(10 uM) pH 6.9 NH,0Ac NNome

GSH (300-1000 M) vé

Exenatide*OAc 4.2 kDa Thioredoxin _11. BkDa 2a]: 200 M Chymotrypsinogen 25 kDa 2a]: 200 uM
2Trp, 2Ty foal: . Y B/EI"rp,ligTyr bt .

90%? conversion 90%7 conversion

[M+mod+4H]** 10605
[2a]: 200 uM [M+mod+5H]5 EM»Arjl""-a Trp-31b i mod ~ rnpma n;;%:
14

0,8 i
70%* conversion IM45HI"
s X Y Vs - -
W ,,,gé\ sl
4 Mﬁl
1

T T T
600 800 1000

10478

mz +0 mod
11675
B Is Labeled? @ False @ True | i
Trp-237
11500 12000 12500
B2-microglobulin f= . . Mass (Da) zsﬁ%& (D%SOOO
ﬁ2-microg'10bulin 11.7 kDa [2a]: 200 yM Carbonic anhydrase |1 29 kDa  [2a]: 200 uM
Lysozymef~ eee e . 27Trp, 6 Tyr 88%* conversion 7 Trp, 8 Tyr 34%7 conversion
1 mod 0 mod
Trp-60° bt i
Thioredoxin |~ . 0 e igee 3 25029
Carbonic Anhydrase |||~ @ee o -
" +1 mod
Exenatidef- o 29115
b
Chymotrypsinogen A~ o @@e o +0mod| Trp-243
29200
0 20 40 60 80 100 120 11500 12000 12500 28500 29000 29500
Solvent Accessibility (A%) Mass (Da) Mass (Da)
C 2b-d <@ 2b: Purification Tag 2c: Purification Tag 2d: Click Handle
Me Q
M
o0 CQ /' “N—N o <
=(® e |‘° H A H A o_/—\_>
X= BF,eTFAe L H..J_ N-H I_O HN N-H
“H ['H @N
hv 427 nm s Me onN
pH 6.9 NH,OAc [2b]= 200 uM [2¢]= 500 uM [2d]= 200 yM
Lysozyme GSH (300 H M) 82%2? conversion 85%%7 conversion 84%? conversion
(10 uM) 10-20 min

(A) Substrate scope
v' Trp-selectivity

v" Clean reaction profiles
v" No photodegradation

(B) Solvent accessibilities

v' Selectivity for the most
solvent-accessible residue

(3C) Transferring group scope

Taylor, M. T. et al. J. Am. Chem.
Soc. 2022, 144, 14, 6227-6236 25



Evaluatlon of Trp probe designs

A R= hv HEK 293T Iysate

(S]
BFs 1a {° ao2nm
| 1a, 1b, or 2b ‘

Me Ms ; ‘ hv (302-440 nm)
,N o 1b @ 320 nm 20 min o»“&

0 Me biotin

N
H

H Protein ID (1) Neytravidin - H ] =
gioz ? = g (B) Post-enrichment elution profile

- =
P ShsE S onT® S (C) Number of proteins identified at 100 pyM

S
N
302nm — + + + +320nm — + + + +450nm - + + + +

:..E} ,;! L (D) Overlap of proteome coverage by each

probe
v" 2b had the most unique enriched proteins

-

-—— e | -

C o evimerem | D E (E) Classes of proteins showing significant
probe Initiation factor B False . .
500+ =T enrichment with 2b
© 400 Activator
ko
g 3004 Chaperone
% 200
100 - Isomerase
0 Taylor, M. T. et al. J. Am. Chem.
1a 0 2 4 6 Soc. 2022, 144, 14, 6227-6236
—logy (adjusted p-value) 2 6




(B) Volcano plots showing enrichment of
the tryptophan-ome

—l (5j “’ﬁ @\V\ - 3” v B v Trp-selectivity in situ

P y i QWZL v" Ability to enrich the tryptophan-ome directly
N e = " from cell culture.

A Probe incubation PET-Induced Intracellular Labeling Trp-labeled tryptic peptides Protein & site-selectivity ID

OMe (1100 uM) hv (440 nm) and quantitation
e
60 min 0 min () Lysis %-Llnke’\o

| —

-~, i {\” Me
H /=
Me"GN” Ve ek 29T colls 2

Me”
2d Oy, -a; @@
B 100 M 2d, no hv 10 uM 2d, hv (440 nm) 100 yM 2d, hv (440 nm)
c s .
; ; g (C) Residue modifications by percentage
s s s
kY & 4
| —— * . = .
et - (D) Chemo-selectivity based on amino
' Long:C Enrichment Ratio (z;/wso; ) ’ Log;Fo TEnri/chmentﬂRat:o (;d/D;ASE)) C ’ I:ug;FC {Enn‘(y:hm'enl )Flat;c (Zd/DMsé)j ) a c i d re I at i Ve fre q u e n cy
C o Peptide Modifications D Chemoselectivity E Subcellular protein location(s):
8 3 Trp EH His B8 Tyr B C .
M Tib 826t 100%  66%  05% L
B His Bl 9.51% Mitochondrion

@
=3

= 2 (E) Subcellular localization of Trp-

I Cys B 352% Cell Membrane
3 3.17% Spindle

=:wim.  modified proteins

B 7ok B v 2d readily crosses the plasma membrane

Bl 0.35% Vacuole

tn He B on P v' the net positive charge of 2d doesn't restrict Trp

Amino Acid
Taylor, M. T. et al. J. Am. Chem. modification to mitochondrial proteins.
Soc. 2022, 144, 14, 6227-6236 27

% of all Modified Residues
N S
o o
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A NPM1 C-terminal domain (PDB: 2llh) PARP1 (PDB: 40qa)

Trp-290 (SA: 101 A?):
modified

Trp-79 (in orange) SA: 45.7 A2: Modified

/ ‘ ’X
g " y
\ f
yd /
/ 2 -
Trp-288 (SA: 49.4 A?): Unmodified Trp-318 SA: 46.4 A2 Modified Trp-246 (in maroon) SA: 36.2 A2 Unmodified
B C FUS Zzn-finger (PDB: 6g99) SMN1 Tudor Domain Trp-92 TRMT10C (PDB: 5nfj)
(PDB: 1mhn) z i )
-]

Taylor, M. T. et al. J. Am. Chem. Soc. 2022, 144, 14, 6227-6236

(A) Modification of functional Trp

» Trp290 of NPM1 (genomic homeostasis )

» Trp79 and Trp318 in PARP1 (DNA damage
detection and repair)

(B) Comparison of solvent accessibility

in modified and unmodified Trp in situ
v’ Selectivity of Trp with enhanced surface
exposure

(C) Modified Trp on proteins associated
with disease
» Trp440 in FUS (neurodegenerative diseases )
» Trp92 in the Tudor domain of SMN1 (spinal
muscular atrophy)
» Trp66 in the mitochondrial protein TRM10C
28



) Short Summary

Donor—Acceptor Pyridinium Salts for Photo-Induced Electron-Transfer-Driven
Modification of Tryptophan in Peptides, Proteins, and Proteomes Using Visible Light

Donor-Acceptor violet to Trp-labeled Proteins &
Pyridinium Salt: biue hv Proteomes
BF? Me o»_o ARAAAR S
o ® p
o Me oKX [
Ma NN
l | | A
Protelns Lysates in situ ,
+~ARA t ";‘-,
v ‘B ! Ar ,':,'f,{;.’,‘,"”” Taylor, M. T. et al. J. Am. Chem.
Soc. 2022, 144, 14, 6227-6236

Labeling

v Donor—acceptor pyridinium salt scaffold enables PET-driven Trp modification
v" Good conversions and selectivity
v" The carbamate transferring group can install functional handles to proteins.

v" Enrichment of the tryptophan-ome from both lysates and live cell !
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Trifluoromethylation Using Radical Photocges

Rapid Biomolecular Trifluoromethylation Using Cationic Aromatic
Sulfonate Esters as Visible-Light-Triggered Radical Photocages

/Q\ . Late-Stage Modlflcatlon —— Protein Mapping
" l
Free CF, radlcal
| blue hv
Radical Photocage:
’Me
Me—N
\ CF;
/ o Tryptophan Selectivity Selective for n-nucleophiles
Me-N_ »—O
® Preparative Scale [Photocage]= pM
Me Taylor, M. T. et al. J. Am. Chem.
Photolabile S-O bond 5-7 minute reaction time 1 second reaction time Soc. 2023, 145, 42, 22878-22884

v Quinolinium sulfonate ester achieves decaging
v Protein and protein-interaction mapping
v’ Scalable peptide trifluoromethylation 31



Importance of Incorporation of CF3

NH
‘O v 19F_|labeled amino acids accelerate

‘L {U‘ drug design

S

1 ) )‘\NH o @ High sensitivity

W ® Extreme responsiveness to the
local environment

® Broad chemical shift range

HZN

OH

Incorporation of CF3 into proteins

v Precision alteration of physiochemical Problem

properties with minimal steric change Few approaches compatible with

® Hydrophobicity biomolecular structures
® Small size

® Strong electron-withdrawing W. C. K Pomerantz. et al. J. Med. Chem, 2016, 59, 5156-5171. 32



A Trifluoromethyl radicals in chemical biology: B Approaches to trifluoromethyl radical generation:

Late-Stage Modification: Trifluoromethyl Radical: Protein Mapping:  Langlois-type reagents:
Activation mode:
NH F/@\; ?Fa x® ] Gross: Krska: Davis: Correa:
>
£ PN H,O
OH Il e, <) Co S cr, 20, tBUOOH or BUOOH  Cu(OAd)
J/ L v 248 nm laser  photocatalyst/hv ~ Fe(NO3);  (NH,),S,04
H2N_\J©C>QK>_CO[ _ - ‘\5’ 2 ":‘“j’ 2:/}\_(:':3 [Langlois]= MM microfluidics mixed solvent pH 6-8 DMSO
‘ t:,,‘\\\f'\ Iqn: Sulfones: Alkyl halides:
FiC” CF, O Kukatka & =
F3C @:« Novak: \ 7 N Davis: Multiple:
P ) o
Electronic & PhySiOChemiCal Trapplng with Styrefnes' prote]n interactions |’ ascorbic acid 0,’3”0 [Ru(pr)3]2+ |—CF2R R3N:
. —107-8 pp-1e-1 9 \ \
Perturbation k,=10"° M"'s i CF3 L-Trp CFR biue hy hv
. ; ’ . Ifone]=
Spectroscopic Handle Small footprint: 59 A3 hyper-reactive residues ()= mM  Microfluidics [S;?M(—);T\]/I ascorbate | [RF,C-l]= M

Taylor, M. T. et al. J. Am. Chem. Soc. 2023, 145, 42, 22878-22884

(B) Example of trifluoromethylation

of biomolecules by radicals (A) Advantages of CF; -

1. Electrophilicit
v Langlois reagent 2. Small i ’

v’ Sulfonylpyridine photocatalyst
v" Hypervalent iodine reagents
v" Perfluoroalkyl iodide 33



Cage Escape

L g:‘ o 0 Path B:
d

hv

hv Path A:

Oxidation ’
“Photo- o]
(248 nm) sulfonyl-Fries” H* Transfer R R 0\~S'c < } Sulfonate ester: 8 g 3

o
0—S—R R
o)

0 i
C} @ é_R O=§=O
I
8 o,

(C) Photochemistry of aromatic, sulfonate
esters

v" They have a weak S-OAr bond that cleaves
homolytically upon photoexcitation to generate
sulfonyl and phenoxy radicals.

— They can be used as photocages

/
Me—N/ N o
®\—.

;'_l

Modular chromophore: tunable
photophysical properties

D This work: Cationic, aromatic, sulfonate esters as radical photocages.
1) Photochemical-decagin

(2) Radical addition to m-amino acids

ao\\slcq @ O. (O]
\Y\O N o:.://S CF,
® ® o

Electrophilic Electrophilic
Polarity mismatch — promotes radical

pair dissociation

Weak S-OAr 3

n ) ,A)j '
bond p sp N F spa
e % 7@
— FF—
E

Free trifl thyl
ree trifluoromethy CF,
radical

o

Taylor, M. T. et al. J. Am. Chem. Soc. 2023, 145, 42, 22878-22884

(D) Proposed mechanism

1. Cationic, aromatic chromophore further weakens
the photolabile S-OAr bond and promotes the
dissociation of radical pairs by photolysis.

This liberates free CF; radicals.

3. Then, this radical captures peptides and proteins.

N>
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o [¢]

0 F2C-8-0-8-CF, N CF
Of 0 o
d : . ~0
b g CH,Cl,, 0° C to RT Me@N@_ ©

v OO0Tf

Me 50-74% yield

MeQO

CFs CFs
"= Ojs“o gojs°o
Me-N g Me—N o

®Q ooTi o7 oo
Me

1 2

OMe Me—N Me—N

CFs 0. CFs o. CFs

g O‘}SQO 8 P P
Me-N o Me-N 0 Me-N 0

®v/ oo o7 " gor e~y oot

500+
450
£ 400+
x
=
< 350+

300

250

3 4 Me 5
= thermal stability (t,,)° - [-8 C Electron donor: enhances
= A inH0 thermal stability & charge
transfer
—6 S-OR bond 36

keal/mol weaker
Me  than in triflic acid?

Me—N
ooTi O\\S/CFB J
—2 773
N 0 ]

Me @\ / (0]
~0 5 Me
1 2 3 4 5
Compound Enhances thermal stability

(2A) Synthesis of photocages 1-5

(2B) Evaluation of thermal stability
and absorption properties
> 5
® Significantly improved half-life
® Absorbance shifted into the visible
spectrum

(2C) Structural properties of 5
® S-OAr bond is weak enough to be
cleaved by photoexcitation

Taylor, M. T. et al. J. Am. Chem. 35
Soc. 2023, 145, 42, 22878-22884



Protein
(10 uM)

Protein footprinting

F3C. I,O
N0 580100 uM)

\Me

Me\
N@ &

l\'lle Me ot

pH 7.4 PO,, 0-50 pM Tiron
hv (456 nm), 1 second

CF;

Lysozyme?: 14.3 kDa, 6 Trp, 3 Tyr, 1 His
Selectivity Mapping

) +1 CF,

14000

14500
Mass (Da)

W62, W63 (11%)

Intact Mass Spectrum

15000

Myoglobin: 16.9 kDa, 2 Trp, 2 Tyr, 11 His

Selectivity Mapping  Intact Mass Spectrum

+2 CFy

+1 mod

17021

W7, W14 3% N

+2 CF3
17089

W14  H119 H24
54%  64% 2%

16500

17000
Mass (Da)

17500

CA-ll 29 kDa. 7 Trp, 8 Tyr, 11 His
Selectivity Mapping Intact Mass Spectrum

&

f\r ({

\*"

28500

29000
Mass (Da)

29500

Taylor, M. T. et al. J. Am. Chem.
Soc. 2023, 145, 42, 22878-22884

v' Chemoselectivity toward nucleophilic aromatic residues

36



Conversion of Somatostatin vs. eq. 5
00 -e- Somatostatin
- +1CF; -e- +3CF,

-

'Me
Me—N
. CFs
A
Mety )0 °
o Mo 2.5:1 5:Tiron
ot 0.5 eq 5/min A
N CF3;
H

Z g
N hv (456 nm) pH 6 PO, § Taylor, M. T. et al. J.
Polypeptide 5-7 minutes Trifluoromethylated Am. Chem.
(2 mM) peptides Yieldb: 25% : Soc. 2023, 145, 42,
Isomer Ratio%:20:2:1:3 Equivalents 5 22878-22884
Trp-Gly (5 mg scale) Leuprolide (5 mg scale)
© (B) Preparative scale synthesis
H
Hﬁ/\rN\é/J*o
° ) N;\H » Somatostatin
ke N ® +1 CF3 reached maximum after addition of 3
Yield?: 40% Yield?: 28%
Isomer Ratio®:15:2:2:7 Isomer Ratio®: 14: 3: 2: 2 eq Of 5
) sRcsah';;": 33% ® Total isolation yield : 25%
Tetractosactide (10 mg scale) ® Regioisomer (main : C2, minor : C4, C7)

> Gly-Trp, leuprolide, Tetracosactide
® 20-40%, The main modification site: Trp

B R Yield®: 20% v’ Applicable to larger scales 37

Isomer Ratio®: C2 isomer only



P P
\@5«3 Y% 5 (80 pM) oy L o)
- . o - G
eSS pH7.4PO, e SO
4 \p § hv (456 nm) « \w §
g KI\ ) 1 second el \\
L Additive/Condition
Myoglobin
(10um) [cr] .,
Entry Additive/Condition % conversion?
1 none 82%
2 no hv 0%
3 10uM 5 22%
Additive addition before irradiation:
4 TEMPO (500 uM) 0%
Additive addition after 1 second of irradiation:
5 TEMPO (500 pM) 78%
B Recombination products: C Lysozyme (10 puM)
(o] SO,CF3 " hv (436 nm) Tiron (80 pM)
Me Mix of Cé and e
s ’ H7.4PO
\f‘\/@\ C8 isomers: Me—N P 4
N7 T NMe, 3%b °°s’CF3
Me /0
Other observed small moleculesS: Me—é\l\ ) ©
o Sort Me
Memcﬁs ()\:S_CFQ 5 (100 pM) Quantum Yield (®)
o0 of consumption:
b e 0.180.02

(A, entry 3) A significant conversion was obtained with 1s-
irradiation.

(A, entry 4) TEMPO inhibited modification.

(A, entry 5) Addition of TEMPO after 1 s-irradiation didn't
reduce conversion. The reaction time is 1 s.

(B) Byproducts included a radical-pair recombination product.
(C) Quantification of light

(D) 5 decaged to label myoglobin at biological pH.

D i. Additive/pertubation prior to irradiation
Entry 5] Time hv Additive/perturbation = [Additive] Conversion
(%)
1 80 uM 1s -— 0uM 82
2 80uM  1s TEMPO 500 M 0 Taylor, M. T. et
3 80 uM 1s vial shielded from hv 0uM 0 al. . Am. Chem.
4 10 uM 1s 0uM 22 Soc. 2023, 145, 42,
5 80 uM 1s pH 5 PO4 ouM 71 22878-22884
6 80 uM 1s pH 6 PO4 0 uM 70 678 88
7 80 uM 1s pH 8 PO4 0ouM 71
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Possible mechanism

Possible mechanism

1. Optically induced photolysis of labile S-OAr
bonds forming quinoloxy-sulfonyl radical pairs.

2. Thermal extrusion of SO2 and radical alkylation
of 1r-nucleophiles with free trifluoromethyl

radicals.

Evidence supporting a radical mechanism

(1) Regioisomers of trifluoromethylated Trp-
conjugates

(2) TEMPO inhibited modification.

(3) Byproducts included a radical-pair
recombination product.

Plausible Mechanism for photo-induced trifluoromethylation with 5:

Photoexcitation S-0 bond homolysis Dissociation
Me 5 Me "
Me=N Me—N o* 0
CF. h CF. Me | _s_cEk
05 v S M o5 crs
/o AN Me., P [¢}
Me=N, / O Me=N, /) (0] N N©
@ \y @ N\ 1 1
€] Me Me Me R
oTf
Loss of SO, Radical addition Rearomatization:
Possibility 1
@ Obs/,O R R RN R
2 NG "
0:551%Fs — s e A — — re—d
o F N FCN N
H H H
Possibility 2 e
Possible rear ization Caihiio)
Possibility 1:
o\ R R OH
A Me \E s A Me
_— 2 +
Me. 2 F,CTN FiC Me. p
N Ne TN N N No
Me Me Me Me
Possibility 2: Me
ty Me—N

o* R R
———————>  Me-N o) E——
Me. 2 FCON @\ ¢ FCN
N Ne *H M
Me Me
g OH
N Me

F5C 4 * Me. I P>
N N No
N b b
Me Me

Taylor, M. T. et al. J. Am. Chem. 39
Soc. 2023, 145, 42, 22878—-22884



Identify sites of modification

. . Trifl thylated CF.
Unbound Biomolecules & Ligands " .uorome iate 3 i
proteins and complexes MS/MS
*CF3  °CFy F3C.

Digest

*CFy
*CFy *CF; CF.
*CF; s ——
F3C L

"LL Os CFy «CF, m/z
0% FJC_- Correlate labelling outcomes
N Me to changes in amino acid
N N local environments
D ' ® *CF; *CF,
Me Me ©OTf FiC. :
*CF; «CF, Digest - 8 Alabelling
5
"k CF. K
¢ FsC K
«CF; «CF,3
Protein-Ligand or Protein-Protein Complex CF tmin

(B) Mapping of the interaction between lysozyme
and NAG3
® The binding affinity was consistent with previously
reported values .

(C) Mapping of the calmodulin—M13 complex

v': Calmodulin-M13 complex hides M13-W4
Unbound Proteins

® Strong labeling with only M13-W4
Calmodulin-M13 complex

® M13-W4 labeling was dramatically reduced.

>

Protein mapping using 5 allows investigation of
environmental changes.

Lysozyme NAG3

(10 M)

° Ligand]-dependent Labelling:
FaCogr” -e- Relative fractional change
-+ Lysozyme conversion (%)

N \{% N Me @ —65
U g Y Ky MS‘N N ° g 1.0
h ~ + 60
G 5 we e OTf 5 =
( \ i ] I~ Q
% \ 5(100pM) 50 uM Tiron g K= 35.9 uM % s
p hv (456 nm) pH7.4MOPS g 05 Lso 2
i 23
1 second Q S
= 45
Free lyoszyme: FKeE Trp-62/63 INAG3]: 2
Trp-62/63 F blocked by % 004 . : r 40
accessible I ligand-binding ouM 200 M 0 50 100 150 200
1 [NAG3] (uM)
c g@ ) ‘S}b ?7@, FiC. :, Changes in modification (bound vs. unbound):
oS ) : ~o
el :1 ’\%* D 0 M
g 5 '3 Qe Ve M13 peptide
‘\:;%; e 6, & Sl Me.
\ SN N <)
ik % e ‘d@ be  mS Ot
. X Calmodulin
Calmodulin M13 Peptide Calmodulin-M13 5 (100 uM) 20 uM Tiron
Complex hv (456 nm) pH 7.4 PBS } 1 |
] ] 100 uM CaCl, 1 second -50 0 50
| A Modification (%)
I Unk { Proteins 1 ﬁCalmodulin-Mﬁ) Complex (10 pM) —
Unbound Calmodulin (10 pM) Unbound M13 Peptide Bound Calmodulin Bound M13 Peptide
Tyr-100: Surface Trp-04: Surface Y100&v139:  CFs
Exposed +0 Mod Exposed Surface Exposed OH +0 Mod +0 Mod
16791 16793 o
2 Q
E F)R}_CFS V= % CFy
W o —_— (4~ o +3 charge
FiC. e ,’ ] T, @5 oH state
o S N Y 1 Mod
1 Mod g / +1 Mo
Ho ; 1 bl % S o N L —
% 2 Mod \ Trp-04: +2 Mod
Tye139: i S Buied  SEX Se |1:im
Surface Exposed 7 P4 r T 1 T T
16500 17000 17500 16500 17000 17500 1000 1100
Mass (Da) Mass (Da) miz

Taylor, M. T. et al. J. Am. Chem.

Soc. 2023, 145, 42, 22878-22884
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Rapid Biomolecular Trifluoromethylation Using Cationic Aromatic
Sulfonate Esters as Visible-Light-Triggered Radical Photocages

/Q{'F Late-Stage Modification —— Protein Mapping

F

F

Free CF, radical l NH, l
rOH |/\/|

EL S8
Radical Photocage: CFs
Me
Me—N’ 7 FiC
O\\SICFZ‘ H
/o0 Tryptophan Selectivity Selective for n-nucleophiles

Me-é\l\ Y, (0]

Preparative Scale [Photocage]= M Taylor, M. T. et al. J. Am. Chem.

Me
Photolabile S-O bond 5-7 minute reaction time 1 second reaction time Soc. 2023, 145, 42, 22878—-22884

v’ Scaffold 5 enables ultrarapid protein labeling via a photolysis of
S—0 bond followed by liberation of a trifluoromethyl radical.

v" Protein and protein-interaction mapping

v Preparative scale trifluoromethylation of peptides.
41



2 Contents

1.

3. Summary
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Photoredox Trp modification

v" Mild and biocompatible conditions.

v Trp-selectivity

v" Enrichment of the tryptophan-ome from both lysates and
live cell

v Protein and protein-interaction mapping
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