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Introduction

Post-translational modifications (PTMSs)

( 1) Chemol/regio-selectivity on AAS?
O 3 > .IDSSYYTGSLNWVPVSVEGYWQI..
e v NN T T
™S I
0 l R 2) Benign reaction environment

temp: 0~37°C
solvent: water
(. conc.. =<xmM
= 2 time: <xh

Davis, B. G. et al. ACS Cent. Sci. 2023, 9, 614—-638.



Introduction

Radical methods VS traditional two-electron chemistry

» construction of C-C bond

N — \ _ I \ 1. [
/f° _C —> /fh—Q\ - ,ﬁf@ eq\
» reliability in aqueous media
| \ 48
//C° in H,O? //C@ @C\ in H,O?
» chemical selectivity
"SOMO-phile” / electrophile

nucleophile



Introduction

“off-protein” & “on-protein”
a) ‘off-protein’ radical approach ~ Protein as radical acceptor

in situ generated
C-centered radical

e
O (non-)canonical AAs

radical
initiation acceptor

— @

b) ‘on-protein’ radical approach ., ,iain as radical precursor



Introduction

Canonical amino acids or noncanonical amino acids?

canonical AAs

Advantages:

» naturally abundant
» simple procedure

Disadvantages:

> excess reactive sites
> limited reactivity

noncanonical AAsS

Advantages :
» better reactivity
» site-specific

Disadvantages :

» difficult preparation

» difference from
natural protein




Introduction

Introducing of noncanonical amino acids (ncAAS):

1) alternative codons 2) auxotrophic replacement 3) post-modifications

OPO;

H

Nonsense
Codon

Chin, J. W. Nature 2017, 550, 53-60.
Chin, J. W. et al. Chem. Rev. 2014, 114, 4764-4806. 8
Davis, B. G. et al. Curr. Opin. Chem. Biol. 2018, 46, 71-81.
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“Off-protein” Strategy

Canonical AAs: radical addition to (hetero)aromatic rings

(i), (i), (i) (:l
(i) . NR
i, Gy, Giy 1Y O - - His | n
Trp  HN-§ Phe Y
O o 900
" modification
- \ > o
5 \ ‘\ S
rich deficient
. R =H, alkyl, aryl
electron density w0 N8

nucleophilicity EWG =F. CN. COR. CF.R
' | , 2

weak strong
----- R = R
EE‘(,VV%/g\ EWG > EWG R R A
CF, CF,H CH,PO, CHMe, CH,OPh
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“Off-protein” Strategy

tBuOOH + OH"
I S0,
‘CF3

\_ BuOOH

0 °C, 10 min * v
Hso, \G\

buffer, pH (6-8)

" OH
NaTF 10 eq
"HaN R TBHPJ2.5 eq v CF
1 M NH40Ac|pH 8 or pH 6
O O rt,}48 h

equimolar mixture of CF3-Trp CF3-Phe CF3-Tyr
reactive AA substrates 19.5% <1% <1%
33.8% NH <1% 1%
CF3 I
- N CF3 mixtures of mono/di

modified regioisomers

CF3-Cys / CF3-His \
1.5% L 53.7%

l 0.9% Z<1% l
' Y TR N [——
| T 1 PAPR TR U TR W | " N
420 -425  -57.0 -57.5 -58.0 -58.5 -59.0 -59.5 -60.0 -60.5 -61.0 -61.5 -62.0 -62.5 -63.0 -63.5 -64.0 -64.5 -65.0
19 (ppm)

Davis, B. G. et al. J. Am. Chem. Soc. 2018, 140, 1568-1571. 11



“Off-protein” Strategy

Over-oxidation caused by TBHP:

NaTFMS 200 eq

TBHP 12.5 eq .
100 mM NH4O0Ac pH 8
5 min, 0°C
(a) (b)
100 —&— Starting material 100 -

—&— +1 mod
Side modifications

2

[ — .

S 0

= 2800
&

= 100

[*]

=

2915
28?7 +25 eq Met
|
LA \J“U\,J\f‘v\ww hass
2900 3000
oga7 2915

Time (min)
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“Off-protein” Strategy

-—

SCF,H

1, ascorbate HN CFoH HN CHO
cat. Ru(bpy)s2" | \
> —
50w blue LED ¥ <
water, pH 7.3, r.t. N N
B o | 0

C-formyl-Trp

HO _
o)
~
o)
O ; OH
OH Qo\o
ascorbate W
I
$*
0\0 o\o )
2] N &
H F iy
H L I I

& 3 - /=N HO HN
Y HN, \
equimolar mixture

Davis, B. G. et al. ACS Cent. Sci. 2021, 7, 145-155. 13



“Off-protein” Strategy

ascorbate” O O

\\S//
~
p [RUI] C( CF2H HN
SET \/ 2N \

ascorbate” /(

SET CFH CHO
}(H HN 2 HN
*[RU“] (0] \ 1 \
H K hydrolysis
\, [Ru'] PySO," + ){ >
; F F then [O], - & }iH \S‘:H
hv e} O

NaBD, easy for MS detection
CHO / »
HN
\
ESY
H o \_» H
PN N
Cfw AN A N
CO,H @



“Off-protein” Strategy

L . SDS-PAGE
b) Annexin A5 Cationic trypsin Mass & &
[kDa] \y‘b Mb Mb A5 A5 @0 Ly Ly
49 It |
S |
23500_.»-" 28
; ) 233437 17
A5 MWoalc = 35806 MW, o = 23293 ] &
35855 calc = -
UV illumination
20000 = 25000 4988 -
——
40000 - -
IT'IJ'Z ‘_LIJ- JL- Ll-'ll 1 1 1 T 1 l‘.I- WZ 28 .
1000 1500 2000 1250 1500 1750 2000 2250 -
*300 eq of 1, 300 eq of ascorbate 17
Lysozyme Lactalbumin
® Coomassie stained
14200 14400 14600 14200 14400 ;
n=1 n=3 o z
14355 ¢ 142357 =
Ly MWcalc = 14305 MW_ealc = 14186 |5
w 14202 =
°
2
12500 15000 17500 12000 14000 16000 |_|EJ
m/z m‘fz X 1 L 1
1000 1500 2000 1250 1500 1750 2000 2250 300 350 400 450 500 550

Wavelength (nm)
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“Off-protein” Strategy

R

EtO,C CO,E
H ] H
N N (DHP-R) N
| ) | )R
N H N
blue LED (10 W)

¥ TFA (10 equiv.), TFE, 35°c> " " HN—M'Q'I'"FE'V'K'T'L(T GK

Minisci C-H alkylation T
DOOEERVEWI

a R = a = cyclohexyl E
N
HN—MD'WR'F'S Y K L—COH 7-a, 0% VKAKIQDKEG
R
|
HN—MH'DWR'F'S'Y'K(L—CO;H 8-a, 40% [34%]° G
R

I
HN—GRLY H'S'P'K{E—CO;H 9-a, 52% [42%)]

I
A'F 1 'LRQQDPP

K
QLEDGRTLSDY

R
R !
|
HN—GRMY S PKTH—COH  10-a, 49% [39%] i
R R
HN=V/HL' TP E'E'K'S—COH  11-a, 59% [53%] LBIGG—COH 76 mer
R
' Ubiquitin
HN—C'R' 1Y HPK'E'S—CO,H 12-a, complex 21-g, 95% [69%]
IIQ mixture
HN=CR Y H P K'E'S—CO,H 13-a, 46% [41%)]
(Acm)

Wang, P. et al. J. Am. Chem. Soc. 2019, 141, 18230-18237. 16



“Off-protein” Strategy

R
DHP-R |
Me-G-R-V-Y-V- H-P-A >  Me-G-R-V-Y-V- H-P-A
6 blue LED
3-round alkylation

Q Y wf CozHﬂ/ o

biddd A vy

6-a 6-c 6-d 6-e 6-f
76% [57%] 61% [49%] 41% [32%] 50% [44%)] 45% [41%] 0%
SRR
' LC-MS lIsolated:; OTs N3
! yield yleld IF
6-g 65 6-k 6-1
95% [68%] 45% [31 %] 75% [57%] 65% [38%] 59% [48%] 51% [35%]
H
0
O/\)— /O£/\O}VN
OH @COOME ECQQH
e 6-p 6-q 6-r
34% [23%] 60 /o [46 %] 78% [53%] 84% [61%] 85% [60%] 95% [66%)]

17



“Off-protein” Strategy

5 DHP-R as R donor
PCET

R H
PO S
N
H or
DHP-R hOIT'IOly'tiC SET / H* transfer
(E: CO,EY) C-C cleavage

| DHP-R as oxidant

v

H
! I
N 3 N HAT N
R H
/[+/>_ H — /[+'><R /[+ D—R  Minisci alkylation
R N addition RN or SET/H* transfer =" ~N

H H

H
E F G

18



“Off-protein” Strategy

Non-canonical amino acids (ncAAS):

| R R
?thﬂ)( ?N Re
H 5 H 5 —>+ - gu gH
O O

Dha Dhb

Introduction of Dha:

site-directed Dha
mutagenesis formation
: —’
R or protein ' X -HX
‘ semisynthesis ‘
R = natural amino Dha precursor

acid side chain

Davis, B. G. et al. Curr. Opin. Chem. Biol. 2018, 46, 71-81. 19



“Off-protein” Strategy

Dha precursors ON ,O
X SeH
WENY %(a " g(»% 1 Iﬁ ‘. gﬁ; # LW
H O
pSer Cys SeCys PhSeCys Cbz-ySeLys

Dha precursor Conditions for Dha formation | o R; ﬂﬁz
| P X X

pSer lyases (OspF, SpvC, HopAl1), Ba(OH), ! © 2 2-4

Cys MSH (1), alkylating reagents (2-4) MSH (1) ~Alyiating - -
. 1 2

SeCys DBHDA (3), NalO, : reagent

PhSeCys H,0, | DIB (2) | H H
| DBHDA (3) Br CONH, CONH,

Cbz-ySeLys  H,0, : MDBP (4) Br COOCH; H

20



“Off-protein” Strategy

Reaction scopes

X "R, N
- N SN R
P Zaid oSNy Nt
A 34aR=H O
in situ 33a Ry =R,=R3=H 34b CHs
l ;ad'cat'_ 33b Ry =Rz=H, Rg=CHs
Dha . ormation 33c R1 - H, Rz - RS - CH3 J'\Jll_i
* 33d Ry =R,=R3=CH R
: S i W NN
y| - 33e R;=Ry;=R3="3CH;3 H
- R
OH 35a Ry =Ro=H
35b Ry =H, R, =CHj
571/\ "‘LL/\\/CFE' /Y\OH HOM E 35c Ry =R,=CHj
R HO @)
25 28 g}s R= H NHAC > N7
I
'zLL/\/'\ ‘2?1 E/\/A\OH P_ -0
Ky @S
26 R R
WO £3
% YRo7a RoH NHAC T]/\/\/ 38a R=H
27b  CH, 3 38b F

21




“Off-protein” Strategy

Hydrophobic/Nonpolar Sidechains Protein Scaffolds Th e fl I’St C (SpS)—C (S p3) bO N d

| | agh % . .
WQ; /\”/QE\ /\/d(\ A”J<@ Au/[i ’§§§- e formation on proteins

0 0 ( X A
Leu tert-Leu demethyl-Leu cyclo-Leu .
Polar / lonized Sldechalns i SBL R
2 g e
.\ S .
' po s u ety
E ,',/, :\_/‘ ?N + R_X
: H
Ay Ay Ay ; H4 H3 o
H H H '
0 o ;
nor-Leu ethyl-Gly o v»-Phe ' ornlthlne Orn tnmethyl -Orn i N Dha
| ; B rerme®s reductant
HNYNHZ HNYNH HNY < o\ NH, | Ky i
r T o | aq. buffer
A A AN R
N N H
o [e] Ao . %/f\
Arg methyl-Arg dlmethyl Arg c1tru|lme Cit methyl-Gin L
Annexin V Npp ¥N

13cH
HR‘ZC\:‘B%H3 ------------------------------------- H

S ?r!‘/
X =Br, |
Au /\g A, Wrac Vj\ﬁ reductant = NaBHy, Zn, In
0 0 e

o

2,
{H

methyl- Lys dimethyl-Lys trimethyl-Lys tri'*Cmethyl-Lys O-GlcNAc-homohomo- Ser
o 0 OH
HO. HO HO =1y !
i
; cr, CF,
f NHAC Davis, B. G. et al. Science 2016, 354, aag1465.
Ao A Ay Ay

"o "o "o 9

carbo- pSer difluoro-carbo-pSer N-GlcNAc-homohomo-Gin



“Off-protein” Strategy

‘\X—H kiapp
x o -
\ \kzapp
R—I X—l + R’

Initiation
A b \
H Quenching § |
1 O (0]
4 <_ ' Dha ’ N Desired chemical
ah\x‘j_%’_k;‘ o ,! \N ¥ mUtation
ot = ‘/ 3 H
B £\
L 2 m
%’s};{' = o R
AL R R (]
Cl) O, R R
oA — ,\ - > 'II\N :
" TSNH, O N : or H
a,
Oxidative cleavage ksapp Disubstitution

23



“Off-protein” Strategy

A N-Linked

OH "o
R'O o H Hoé&/n
HO N HO H3-N-GIcNAc27 s
0

NHAc

Enzymatic Cleavage

100+
Enzymatic Extension +’

PNGase o

T0 X
100 o 60

©

-------------------------------------------------------- . 5
HO & 3 401

R' =HO HO o o
: " Lk |
HO 10000 12000 = 14000 16000 18000 — 20

OH

0-

H
NaBH, HO’&N Her H3
NH40Ac HO Substrate
NHAc OH NHAc o
oo Man ;GlcNAc Gal
HO—/H g
EndoA-Y299F, tetrasaccharide GalT, UDP-Gal, aq. buffer

Conditions = oxazoline, PBS pH 6.0  with 2 mM MnClp, pH 6.0 | 27
i

:

{

i

1 o HO _OH
' wo HO

: HO .0 HO 0 o)
! o) 0 HO

i xS

! lo]

i

B O-Linked H3-Dha27 HO

OH NaBH, OH
R'O NH 40Ac
HO 4 (]
o HO
Ho&\/O HO Qo 5 Hg‘&/o\/\l
NHAc
NHAc NHAc
R 3h

&7
0O 24h
Enzymatic Extension
15590 4
100 s% 15429
® ®
04
[ - , - BV y  mass P RSeS| | S —— ciiza L NP H3 U PNP  H3 cAblys ,
13000 14000 15000 16000 17000 10000 12000 14000 16000 18000 L hOGA 1 r bOGA

24



“Off-protein” Strategy

A problem: racemization

X R _R
¥ /(’f( -HX ¥ Jl\ff{ Re ¥ /[NK/ R ! almost 1: 1
N N N m/\ﬂ}( (in most cases)
o] o] 0 o}

L-isomer L-isomer D-isomer
(natural)

possible strategy: (diastereo- or enatio-)selective HAT

0 o)
0 Mg(ClOy,),, L* o) \IXI/ “,
R H RX, BuzSnH, Et;B/0, R § N NJ,
\n/ OMe > \n/ OMe
DCM, -78 °C
o] o]
R L

but hard to access on real protein

Sausker, J. B. et al. Angew. Chem. Int. Ed. 2001, 40, 1293-1296. 25



Outline

» “On-protein” strategy
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“On-protein” Strategy

Canonical AAs as radical precursors:

OH .20 A OH
I_R
[O] g A
Tyr T» —
N . N N
H H H
o} o} o}
M [ ]
S s s R
ENY g kY BN
H H H
o} 0 0
SH . R
Cys L
Fy 18] Ty By
H H H
o} o} 0

R R

R1
C-turminus \SNJ\’(OH [Q] \SQN). \SNJ\R
H i - CO,

H H

and Trp, Gly, ...

Gouin, S. G. et al. Chem. Eur. J. 2020, 26, 14257-14269. 27



“On-protein” Strategy

Protein cross-linking on Tyr

u(bpy)sCly, (NH4)2S,04
v
150 w xenon lamp, 0.5 s

Prot, Prot, Prot, Prot,

*Ru"]  + 0,S0—0S05
bifunctional [Ru] photocatalyst
-[Ru'v], - sO,*

Q0 S Y

Prot, Prot, Prot, Prot, Prot, Prot,

\t\/
/\\

Kodadek, T. et al. Proc. Natl. Acad. Sci. USA 1999, 96, 6020-6024. 28



“On-protein” Strategy

“Local SET catalyst’: better site-selectivity

Tyr radical

CA-binding
group 0

[Ru(bpy)sCl;](1m)

irradiation (min)

2+ 2(PFg)

500 um 2

1000 uv 4

Nakamura, H. et al. Angew. Chem. Int. Ed. 2013, 52, 8681-8684.

29
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“On-protein” Strategy

CO,Et
Me
s” CO,Et Lumiflavin /ﬁ)\COZEt Jij:
X * Me =
N CO,Et 440 nm LED
° aq. buffer Lumiflavin (LF)
Met

Proton Transfer (PT) Process

*)

(+

HoN (\S 5 \ / HoN (\S )H
~ N o+
..\002|-| = ET-PT ..\Co2 S
3LF (6) a-thio radical H B)
oxidant Met
e
7 LF™ (8)

( ) Flavin CO,Et
v - photocatalytic HLF® (10) Me\/J\ pKa = -3.5 pKa (HLF*)=8.5
CO,Et

visible light cycle hydrogen donor

Me
CO,Et 1LF (3) / CO,Et Mo '{'YN\I//O s;able;j
reduce
S/\)\COQEt N~ AT S COEt y mNMNH lumiflavin
M M e ¢
oo T oo !
HaN 12 11 HaN_ N-H BDE

..\COQH ..\CO;;H HLF* (10) 59.9 keal/mol

N

MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2020, 142, 21260-21266. 30



“On-protein” Strategy

S,Me s
Michael acceptor (10 mM) /\®
Lumiflavin {500 uM) 0 0
H H
”\)L \)L N NN
= - 5:95 DMF:PBS (pH 7.4) _ N =
H H H H H
- o) - blue LEDs 2 0 2
. 23 °C, 30 min .
1 RPDFC LEPPY TGPCK ARIIR YFYNA KAGLC 30
31 QTFVY GGCRA KRNNF KSAED CMRTC GGA 58
o L
Aprotinin Site-selective
(50 uM, 6.5 kDa, 1 Met) methionine alkylation
Michael acceptors
Va RV
0 0
CO,Et o .§/\\s¢ & s @ s
Me % OH 0
COzEt \/\‘NHz
o} o}
2 13 14 15 16
93% conversion 91% conversion 96% conversion =85% conversion 65% conversion
mono-alkylation 1:1 mono:bis-alkylation 3:2:1 mono:bis:tri-alkylation 3:4:1 mono:bis:tri-alkylation 2:3:1 mono :bis:tri-alkylation
\\ »{1 \\ /; \\ ,-',a
k/SOﬁ( e e
{\/\ Ny \©\'( M N Qr
cﬁ'\/
af\/ \”A/\/I o \/\
18 17
80% conversion 48% conversion >95% conversion
mano-alkylation mono-alkylation 2:1 mono:bis-alkylation

31



“On-protein” Strategy

SH R (\COZH
Mn(OAc)3, TCEP '}1 :
N ¥ N > o] HO,C” """ Cco,H
° O/

H ! 20% DMSO in
aq. buffer ¥y TCEP
Cys H

o)
R
R R
R\%:R .~
. N
SH S S f\ *0” N
Mn(OAc)3 PR, - S=PR, (l)
e —_— — S ——
N R N N N
e,-H
H H H H
o) o) \srlN
H
o)

> limitation for proteins: PR, cleaves R—-S—-S—R

Mitchell, N. J. et al. Angew. Chem. Int. Ed. 2020, 59, 23659-23667. 32



“on-protein”
strategy of:

“On-protein” Strategy

canonical AAs

canonical AA
(radical precursor)

radical
reaction

\J
modified product

NCAAS
canonical AA
chemistry
modification

NCAA
(radical precursor)

radical
reaction

modified product

33



“On-protein” Strategy

Protein-polymer bioconjugates

Br
o) o) A
N P X N

SH Michael O o)
addition 0 Cu(ll), MegTREN o)
x S > s
N UV light
o] aq. buffer
® ¥
Cys N N
© ATRP O
Cu(ll) as low as 0.09 mM | Oxygen tolerant | Capable with tap water / sea water

Anastasaki, A.; Velonia, K. et al. Nat. Commun. 2020, 11, 1486. 34



“On-protein” Strategy

Sequential PTMs via radical procedure:

g
I-PySOOF S\ Nso, i o]
Ru(bpy)3Cly, FeSO4 F Ru(bpy)sCl, :
}iu > £ > F
0 blue LED R, blue LED \,<H
Dha Ho 5 L o
"off-protein” "on-protein”
OH
N R F | | F F
| _ X N H SePh
N7 s | F ol F -
O//\\o o]
F \$<N \$<N \5<N
I-PySOOF ¥y : : :
H
0

Davis, B. G. et al. Nature 2020, 585, 530-537.

radical acceptor
[R]

>
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Summary

) | \\ - : e l s B ’
\:J o~ R . h 4 . o _ .
M l \‘ !@ "Off protein” "On protein”

- - \ .

B PTMs via C

canonical AAs ncAAs
OH
(' }»Nigf(
¢ X : o)
¥7 :'/3)\ H !
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Summary

Think about energy input forms:

» Stoichiometric chemical reagent
» Photocatalysis

» Electrocatalysis?

conjugation (with dye, polymer, drugs...) of proteins

|-

function change & optimization of proteins
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