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Transition Metal (TM) Catalysis in Organic Synthesis 3

[Nobel prize in chemistry]

> Olefin metathesis (2005)

> Pd-catalyzed cross coupling (2010)

o0 e O

v Transformation which has been
difficult to perform by classical ways

v" Wider range of reactions

v' Very efficient synthesis




TM Catalysis in Living Systems

SM/ Product /
Inactive molecule Active molecule

Bioorthogonal reaction

It enables previously unfeasible chemical transformations!

[Example: Cu-catalyzed alkyne-azide cycloaddition (CuUAAC)]

A powerful tool for chemical biology and pharmaceutical sciences!!



TM Catalysis in Living Systems

Problems Requirements

X Toxicity )
v Soluble in water
X Water solubility

v Protecting active site
X Stability in water

*See appendix for more information.

(d) Homogeneous and heterogeneous TMC-based catalysts used in bioorthogonal chemist

(2006-2020) % i E é

nanozymes
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LN/
exosomes resins metallic scaffolds
Organometallic complexes Metalloenzymes Nanodevices Micro and millidevices
HOMOGENEOUS CATALYSIS HETEROGENEOUS CATALYSIS

Curr. Opin. Chem. Biol. 2021, 61, 32-42.



Applications of TM Catalysis

v Prodrug activation / Bioimaging

@ O o

Prodrug Drug
Non-fluorescent molecule Fluorescent molecule

v" Modification of biomolecules

¢ & C

Biomolecule Gain of function

v Regulating biological reactions / Creating new cascades

@




Examples of TM Catalysis in biological conditions 7

A) Azide-Alkyne Cycloaddition
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B) Amide Coupling o
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O N H
A
C) Azide Reduction M]
.—N3 reductant ‘—NH
D) C-C Bond Cross-Coupling
HO, M]
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E) Olefin Metathesis
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F) Protecting Group (PG) Cleavage
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G) Ring Formation
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H) Transfer Hydrogenation

[M] OH

O
|| hydride source l
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ACS Catal. 2021, 77, 5148-5165.
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HeLa cells
C-C bond
cross coupling

Yusop, R. M. et al. Nat. Chem. 2011, 3, 239-243.

156 &
v \S’\X R /\ : 1
Privileged Tag for ‘BuOH/buffer

Cross-Metathesis MgClp, RT to 37 °C

- Ru= HO
= avy >\j R OH
PrO HO\/-(\O/\),nO\/\

B. G. Davis et al. . Am. Chem. Soc. 2008, 730, 9642-9643.

*@ () o/
\'@\ Cu Nanoreactor

Inactive

Yugang Bai et al. . Am. Chem. Soc. 2016, 7138, 11077-11080.

Bisamidine ”"\)
(Antimicrobial agent)
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« Cu-triggered ADC linker cleavage and reversible modification



Bioorthogonal Allyl/Propargyl Cleavage

[Previous works)

By — &, @%
XA @ X—H “pg _>> [Q__]@

Ph-P 2, 5cSav

ol @3—(
i 10K @W
NJ\O/\/ — NH2 4@ HEK 203T cells @ HN  OH
H

HO

HO
- Triiodothyronine T3
X \ q X-H Martinez-Calvo, M. et al. ACS Catal.
2018, 8, 6055-6061. Y. Okamoto et al. Nat. Commun. 2018, 9, 1

\Q/ TM-catalyzed cleavage reactions have been

mainly focused on terminal decaging.

[This work: Internal bond cleavage] Cu(l) complex

+
(o)
cchP‘:«R Catalyst — \>—/lp = 04/0
°re™/ screening ?0
\\480 , —6’ .‘XH dual-substituted dual-substituted
propargyloxycarbonyl propargyl

’ Proteins/Drugs (dsProc) (dsPra)
X=NHorO ‘

v ADCs linker cleavage
v Reversible cell modification
v Protein manipulation

Cancercell -
surface

W @+

Curr. Opin. Chem. Biol. 2021, 61, 32-42. / Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.
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Screening and Optimization

[Systematic screening]

[Amines]
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Relative fluorescence (%)

HX o)
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X=NHerO
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H Ph

96-well plate

10 min

Screening using fluorogenic coumarins
24 different transition metal species (C1-C24)
12 different substrates (A-L)
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Cu complexes (except for CuSO,) showed
highly efficient cleavage.
Other metals showed lower or no activity.
1D and 2H gave the highest reactivity

respectively.

Cu(l) complexes

-
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o
-

\J »
2C1 Cu(lyBTTAA &
= C2. Cu(lyBTTPS =
SC3. CullyBTTP =

t'4f't:5&>'4""'

C5 NayPdCly

C6. Pd(allyl)2Clz

C7. Pd(dba);

C8  PdCly

€8 Ru(cod);Cl,

C10. Ru(PPh3),Cly

C11. Ru(CO)3Cl2

c12. RuCl3

c13
C14

C15.
C16.

C17

C18.
c19.

Cc20
c21

caz.
c23.

C24

Ni(PPhs)g 2A
Ni(acac); 28
NiBry 2C
NiCl3 gg
Co(dby),C :
Cotaoatys’ 2F
COC[2 2G
CoBrp B 2H
FeCly 2
FeCI; - 2)
Fe(OAc); 2K
Fe(acac)sy 2L

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Action of Cu(l) Complex

[Proposed catalytic cycle]

E—é-o
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Asb. L
Gl e [Cu] (Cu'-Ln) cu—= _ch—H
o
:—é . \'HN—R
O-H c
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H [ \ R-NH,

[Cu]%%H cu——={+

Details — See appendix

Asb. Ln |
Cu'' —> [Cu] (Cu'-Ln) [Cu]
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O-Ar% [Cu] O Ar\;'

2\
e \>0 -Ar

O-H 3( [Cu]\
H+ Ar—0~

[Cu]%%- [Cu]4< k H,0

[ROS generation of Cu(l) complexes]

1,800 ; CU(')
1,600 | No ligand

1,400 1

1,200 1

S 1,000 ; Less toxic than free Cu(l)

< 800 {

600 ;

400 ;

200 ;

04

Fluorescence intensity

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.
Yang M. et al. Nat. Commun. 2014, 5, 4981.



Cu-Triggered ADCs Cleavage and Modification

ADCs linker cleavage

i a b ":

H/?D °/, .—NHz .—OH 4{ °§O E

——y \\’ Q

— s

Lttitestinestinst ) Y a

) ,_6 d\l) 1)

--------------------------- l".. -"'--------------------------d--l":
Reversible modification Protein switching

. Cu(l)-BTTAA B Traceless linker .Drug YReceptor Q‘J J" Antibody

‘ Membrane proteins non-natural amino acid @) Biotin Streptavidin .
Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Cu-Triggered ADCs Linker Cleavage

ADCs linker cleavage

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Conjugation site

lysine coupling, cysteine alkylation,

enzymatic reaction, etc.

mAb /
humanized or . Linker .

fully human cleavable or
Payload
non-cleavable ,ntimitotic agent

Key factors

- High potency - High cancer cell specificity
- Low immunogenicity - Long circulating life

- Low cytotoxicity to off-target cells

Binding to
cell-surface
antigen

Drawback of noncleavable ADCs

X Inefficient internalization

X Limited cytotoxicity

DNA or microtubule disruption

\ § 5
Endocytosis of Es;} \
ADC-antigen
complex * *

4)
Release of
active payload

(3)
Lysosomal degradation

:Catalytically cleavable ADCs

v" Higher cytotoxicity
v’ Catalytic amount of triggers

(other ways: stoichiometric)

Tsuchikama K. An Z. Protein Cell, 2018, 9, 33-46.



Cu-Triggered ADCs Linker Cleavage (Dox)

O OH

[Dox-DMProc-Zygo) CoOCH

O O OH O

Y —ﬁ& ~ OH

[Dox-DMProc as a model substrate]
LC-MS analysis

100 =
= Dox-DMProc
;\; 75 = \\B<)TN—.
> o)
= i
2 50 . Dox.DMProc decrease
T Increase
- 25
Dox
. 15 min
30 min
60 min
20 25 3.0 5.:\4'0
Time (min
Released drug mn) Protected

Dox-DMProc-Zyera

d

S

o) (o] H ‘1‘"

\‘\_.:_).,, )LO>Q\/§()
HN_. 0 HN_. Wl S
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Doxorubicin (Dox)
* Anticancer drug

* Forming intercalation with DNA
X Lack of target selectivity

X High level of side effect (e.g. cardiotoxicity)

._NHZ Zier2

« Affibody targeting the HER2 receptor
HER2 overexpresses in certain types of
breast cancer — Targeting cancer cells

*HER2: Human Epidermal grow factor Receptor 2

Fitted dose-response curve

Cell viability (%)

100+

801

601

40+

204

Hela cell

e conNtrol
w5 uM Cu(l)-BTTAA
== 50 uM Cu(l)-BTTAA

102 10" 10° 10! 102 103 10*
Dox-DMProc (uM)
Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Cu-Triggered ADCs Linker Cleavage (Dox)

[Synthesis of Dox-DMProc-Z,eg,]

NH,

7829 Da

H Z
o, - X
0 b 200 uM, PBS, 1h, 37 °C o
o O

Exact Mass: 772

Dox-DMProc-NHS React with accessible Lys residue Dox-DMProc-Zegr,

oprocDox
ooxomproc- @D poxomproc- — @D -oMProc-Dox  Dox.oMProc. — @ — OMProc-Dox

8600 Da 9371 Da 10142 Da
Mono-substituted Drug Bis-substituted Drug Tri-substituted Drug

[LC-MS/MS analysis]

<— 8600 Da
<— 7829 Da
pH=8.5PBS, 1.0 h
Wild type ZHer2 <— 7829 Da Dox-NHS (5.0 eq.)
<— 9371 Da
<— 7960 Da -

el o e vl sl e
7000 7500 8000 8500 9000 9500 7000 8000 9000 10000 11000

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Cu-Triggered ADCs Linker Cleavage (Dox)

Dox-DMProc-Z,ggr2

[Effective of Dox-DMProc-Zr>)

Hm Cu(l)-BTTAA B DMEM Washed w/ PBSx3 | PBSX3
. . Washed w/ PBSx
SKBR-3 cell Bl Dox-DMProc-Zygr, ™8 Dox Cu(l)-BTTAA (20 M) ashed
B Dox-DMProc-Zygro + Cu(l)-BTTAA S l l L
100 p g - > |:> Cell Viability
12h 48 h

SKBR-3
L overexpressing HER2 y

[e2]
o
T

D
o

v" DMProc-Zr, conjugation effectively blocked

the toxicity of Dox (= and = )
v' Dox-DMProc-Z,, restored its toxicity by Cu(l)

(-and-)

S
o
Y

Cell viability (%)

N
o
Y

N N N Q

d
C Drug concentration (uM) *Cu(l): 20 pM

[Fluorescent images]

Free Dox
# Bright fluorescent in the nucleus
("~ Intercalation with double strand DNA)

ADCs
# Fluorescence at the membrane areas
4 — Accumulation at cell surface

Free Dox from ADCs
# Bright fluorescent within the nucleus

— Cu-triggered cleavage was demonstrated!

nucleus —
Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Cu-Mediated Reversible Cell Modification

Reversible modification

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Reversible Cell Surface Modification

[Schematic view of Cu-controlled reversible cell modification]

g
N
Q
§
.9
Q

[Fluorescent images]

Round 1 Round 2
Streptavidin-FITC + Cu(l)- BTTAA Streptavidin-PE + Cu(l)—BTTAA

. . - . .
. . . . o
| . . . o

}‘MH i /@NO)
- N

HN \?()L

7 0~ MO

o F

) )}*Nt {H
Biotin-DMProc-PNB
Biotin
A .

~N ~ Streptavidin-Dye

Biotin-DMProc-PNB (1 uM) Biotin-DMProc-PNB (1 pM)
Streptavidin-FITC (5 uM) Streptavidin-PE (5 pM)

Cu(l)-BTTAA Cu(l)-BTTAA
(20 uM) (20 pMm)

—— @ l @ ® l @

g 2h " 30min 2h " 30min

A375 cells

J/

*FITC, PE: Fluorescent dye

Cu-catalyzed linker cleavage allowed
the regeneration of native Lys residues
on the cell surface.

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Cu-Mediated Protein Switching

Protein switching

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Cu-Mediated Protein Switching

[Schematic view of Cu-controlled protein activation]

Caged ZHER2 0 Wild type ncAA

H

binding ;
No binding restore its '

T o e e e — — — — — — -

[Chemical caged unnatural amino acids]

OH (0] 4
/(©/ Incorporation of unnatural amino acids

on the binding face of Z,

HN"  "COxH H,N” ~CO,H

Tyrosine EMPraY

Chemical Caging
. (0]
NH, (Genetically encoded) HNJ\O&
Regulation of its binding affinity
by Cu-catalyzed reaction!
HN™  "COzH H,N™ ~COH
Lysine DMProcK

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Cu-Mediated Protein Switching

[Binding activity before and after Cu catalysis]

Zhero-TAG-LETPGGGK-TAMRA

Sortase A
M Caged
! o Resoued LPETGAC—- T~ */\C—.
Zyero-LETPGGGK-TAMRA _ *
[ .

t Ziicis @ ncAA * GGG-K-TAMRA

100 f

©
o

D
o

Relative binding activity (%)

The reduction of fluorescence signal
— The blockage of interaction

v Chemical caging through K28 almost
completely blocked the interaction
between Zygr> and HER2

Manipulation of protein-protein
interaction in situ.

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Short Summary & Perspective

»ADC linker cleavage

It allows extracellular release of payloads that can
overcome the drawback of noncleavable ADCs.

>Reversible cell surface modification
It can be applied for the cell capture, which could be
quite useful in cancer cell diagnosis.

> Protein manipulation

It has the potential to facilitate the development of
protein-based prodrug therapy.
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TM-Catalyzed Prodrug Activation

[Types of prodrug]

o Physiologically activated

Carrier prodrugs

Linker
% Carrier

H
Drug e.g.. Folic acid
RGD peptide
Sugars etc.

Bioprecursor prodrugs
OH

o)
In vivo
reduction

o OH

[Decaging prodrug by TM catalysis]

O
//\)J\N—Drug o
= H KoPtCly (or 6) H,N—-Drug + 0

or
cisplatin
(0] —_—> (0]
F
N/go N™ O
H

Pro-5FU

o Externally activated

Decaging Prodrug

%O\ Catalyst ?:O\
< A& XH

'Synthetic Prodrug (This work)

ch Catalyst
v Structurally distinct

v Increased differences in bioactivities

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.

Decaging prodrug activation strategy
by TM catalysis has been demonstrated
In many papers.

¥

How about synthetic prodrug?

B. L. Oliveira et al. J. Am. Chem. Soc. 2020, 142, 10869-10880.



Therapeutic In Vivo Synthetic Chemistry 2

Supplier: RIKEN Biofunctional Synthetic Chemistry Laboratory

_ Glycoclusters
an '-.'

-------

Sfar"rm?
mafer'la S

LV. Prof. Katsunori Tanaka

" 11 Vivo Synthetic  Tokyo Tech & RIKEN

Products Chemistry

(Pharmacologically Active Compounds)

[ Project ]

The development of a model system
where bioactive compounds can be synthesized within living animals.

From the website of Katsunori Tanaka Laboratory



Previous Researches

[Au catalysis at specific organs (in vivo)]

“activated ester
intermediate” t331tt ~,

4/\0”?1\/-

propargyl ester
probe

selective
reactivity

target organ surface

e\

Tsubokura K., Tanaka K. et al. Agew. Chem., Int. Ed. Lin Y., Tanaka K. et al. Chem. Eur. J. 2018, 24, 10595-10600.
2017, 56, 3579-3584

[Ru catalysis the biological condition (in cell)]

D \lE@L
0% o OMe 0% o o’é\)\/k\/k

(Prodrug)

GArM-Ru1 (2,3-Sia)
or aIb—Ru1

LD LDW

Umbelliprenin 2h
(Active drug)

Eda S., Tanaka K. et al. Nat. Catal. 2019, 2, 780-792.

Targeting
complex
N-glycans




Synthetic Prodrug Strategy

[Main topic]
N

GAI'M-RU. 7 *e 0 /
'}‘ 5 » - MeO OMe
’:h * —
(1o ”°

* ‘@ g Prodrug
¥ MeO OMe

v" Design of synthetic prodrug to maximize its activation
v' Catalytic activation of prodrug in mice
v Albumin-based artificial metalloenzyme

v N-glycosylation to target cancer cells

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Retrosynthetic Prodrug Design

[Advantage of synthetic prodrug]

Catalyst v" Activation via bond forming reactions to
construct a pharmacophore (drug’s backbone)

v" No pharmacophore in the prodrug structure

Prodrug Drug — Less adverse effect

[Design and optimization]

1) Finding a suitable reaction / 2) Structure optimization —\

R * Increase cascade reactivity
Metathesis/ _ - * Increase activity with biocatalyst
Aromatization’> | N » Decrease prodrug effects

* Increase hydrolytic stability
- /

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Pharmacophore Backbone Screening

Aromahzatlon
Coumann Ru (1)

Final product

: Naphthalene

i e.g. Nafcilin,
Duloxetine,
Naproxen

......................

% 2, TONgcw: 72.0418 &
" TONpom: 9.3:06 :
", Aom/ACM :0.13 7

Carbazole

! e.g. Carvedilol '
1 Murrayafoline A :
Carazostatin

Ts

6, TONRCMi 68.0+3.2
TONpm: 5.1£1.4
Arom/RCM : 0.08

TONpom: 13.520.6
Arom/RCM : 1.0

! Dibenzofuran

e.g. Lecanorafuran A, !
Vialinin B H

7. TONRCM: 30.8+1.5
TONpom: 2.940.2
Arom/RCM : 0.09

Intermediate
"'éiér'y'n """"""""" Hydroquinone
: oR
S :
2 P
Z -
.g. Telmisartan, : OR
i VZl?a'iZn&,m + eg. Doxorpbicin,
Diflunisal : Emodin
Valye U U
OH OMe OH
Z =
| 1)
=~ x
OMe

4, TONRew: 52.6+1.6
TONprom: 3.320.2
Arom/RCM : 0.06

Benzothiophene
o
s

e.g. Zileuton,
Vialinin B

8, TONRCM: 8.0£0.5
TONpm: 8.0£0.5
Arom/RCM : 1.0

i Anthracene

e.g. Anthranol

.......................

§ 7
§ 4

5, TONpeu: 37.7+0.8
TONprom: 1.020.4
Arom/RCM : 0.03

i Phenanthrene

e.g. Aristolochic acid |

9. TONRCM 127109

v" High activity in RCM

X Lower activity in aromatization
(+ the dependency of slightly acidic pHs (<6)
to drive the final 1,4-elimination)

*RCM: Ring Closing Metathesis

¥

Optimization to further push
aromatization yields higher

TON: Product yield determined by HPLC
TONgcm: Value for the intermediate
TON,,om: Value for the final product

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Optimization of Leaving Group

' LII““W*Ah
n)v\i D@ Aromahzatoon :© Mes—N Mos
Co -Ru (1 Cla
ur?t:rr:gl%u ( ) Coumarin-Ru (1) c:“'Rlu_

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
.
*

X AT B ¥

10, TONpgy: 47.641.75 11, TONpcy: 41.543.6 i 12, TONpop: 41.741.70
TON prom: 0.530.01 TONprom: 0.9420.06 i  TONpom: 41.741.70
Arom/RCM : 0.01 Arom/RCM :0.02 : Arom/RCM : 1.0

., "3
lllllllllllllllllllllllllllllllll

The highest yield!

8

The most acidic leaving group (ester-containing precursor 12) showed
both excellent RCM activity and full aromatization.

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Strategy for RCM Reaction In Vivo

[Albumin-based artificial metalloenzyme (ArM)]

2

Protected activity

GSH
» * Enhance
Subtrate metal/substrate Subtrate
& q binding q

Product Product

(low yield) « Metal (high yield)

protection

With metal bound to protein scaffold

\ /

With free-in-solution metal

0 High enzyme activity
o Protection from GSH

O Low enzyme activity
o Quenchable by GSH

[Structure of metalloenzyme] [Deactivation by glutathione]

N\ GSH,

Charged surface o alb—Ru1 (20 uM, 1 mol%)

_ Dioxane/PBS (1:9)
O, ,—CO00 o
Hydrophobic - NH OBz OBz 37°C,1h OBz OBz
binding pocket 1d 2d
~ NH
U @ 20(2_ . No significant change
b’ . J—coo up to 20 mM (100 eq.)
P PN e 15
*] EtN X (Charged, —1.30) b4
O— .“.....................‘ .‘26 10_
. HS\/\/\/\/\/\/: )
L} ] '—
(on = . 5
. 1-dodecanethiol :
0 : (Non-polar, 7.13) :

0.02 0.2 2 200
GSH concentration (mi

\ e ‘ssssssssnnnnnnnnnnnnn’® 0 -
Favoring hydrophobic substrates
This coumarin moiety binds to
the hydrophobic pocket of albumin. Eda S., Tanaka K. et al. Nat. Catal. 2019, 2, 780-792.



Hoveyda-Grubbs Type ArM Activity

[Reactivity in physiological conditions] )it
O Ph
12 conc. Alb-Ru Z Alb-Ru (x mol%) OO
Entry Solvent (M) (mol%) TON «  Solven t{;7 4; giozxine 1)

1 PBS 4 1 31.121.1 12 - PRGOBE 13

22 PBS 4 1 30.8+£0.1

3 PBS 2 ! 34.2:0.5 v" Relatively high yield in the presence of GSH
4 PBS 1 1 36.3£3.7

v No adverse effect under lower conc. of substrate

5 D-MEM media 4 1 12.0£0.4

6  D-MEM media 2 1 5.6404 A Lower yield in the cell growth media

7 D-MEM media 1 1 3.410.2

a 20 mol% of GSH

[Substrate specificity and reactivity] ¢ i

O
8 £ M
’ SOCIN
N

& 14
<R:
o
Q‘\Q I
9
= 12 ?ﬁf

(&
3
= 2
o
£
=
=y
8 4 . - 14 showed the highest catalytic efficiency.
2 i l
¥ Due to the introduction of C10 terpene chain,
0 ¥ : , which mimics fatty acid (good albumin ligand).
0.0 0.5 1.0 1.5 2.0
Stbstrate {fuiv) Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Prodrug Design

Combretastatin derivatives
v" Binding into colchicine site of B-tubulin
v Mlcrotubule polymerization inhibitor

OMe OMe

MeO OMe MeO OMe
O O OMe — O
X OH A O

Combretastatin A-4 20 16-19
Natural compound Synthetic analogue Retrosynthetic Prodrug
*  Tubulin polymerization inhibitor ~ +  Similar binding affinity with tubulin
* Anti-vascular * nmol level of cytostatic activity
."‘ OMe ..“
o ° 2 . MeO OMe .
H ]
Calc. avg. binding 18 17 18 o . \ O
energy -1.15 -6.16 -6.81 -8.53 E :
(kcal/mol) . a
Binding affinity with B-tubulin > i, "9-2kal/mol -
. AEEEEEEEEEEEEEEEER nt®

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Prodrug Reactivity and Stability

[Prodrug reactivity]

OMe OMe

Substrate Product yield (%)
MeO O’R Alb-Ru (10 PM) MeO OMe
- conc.  esseseseeess,
~ PBS/1,4-dioxane (9:1) O N s
% B O (M) 19 16 : 17 E 18

XN X : :
5 0 28.0+1.4 : 12804 : 4.6+0.9

i 20 : :
16:19 10 0 35.5+0.1 : 37.5+2.9 : 28.5+1.0
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII .‘. 50 3.3i0.2 47.4io.3 § 57.010.6 § 44.112.3
wh 100 382416 58323 : 697+1.7 : 50.4:0.8
19 : 250 36.7:0.5 54.6:0.7 : 77.0:0.1 : 31.416

From these results, prodrug 17 (pivalate)
is the best candidate moving forward.

¥

Hydrolysis (%)
22.3:1.3 Next
Blood/PBS/‘l _4_di0xane :------1-7- ------------ é-é;-on} ----- .
(5:4:1);2h. 37 °C DO e erreeeest Evaluation of therapeutic effect
18 31.5£1.7

in cellulo and in vivo.

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Targeting Cancer Cells

[Directing ligands]

Introduce
targetability

GSH \»

\/V Prodrug
Prodrug

) (Inactive)
O q(lnactlve) Attach Drug
Drug directing (Active)
(Active) ligands Q

Ligand-receptor

(]

Target cell

2

Without directing groups With directing groups
o Activity open to nonspecific environment o Activity restricted to target cells
o Lower therapeutic applicability o Higher therapeutic applicability
Coumarin Bright field Overlay

[Glycosylated artificial metalloenzyme (GArM)]

GArM

T ¢

Glycoalbumin
(2,3-Sia)

-

O Catalytic,— Prodrug
- metal <‘

Targeting \* 3G Dug
complex s
N-glycans o
il SW620 i
a(2,3)-linked sialic acid Overexpressing galectin-8 : g : :
((2,3)-linked sialic acid receptor) *..,,  SSCHSSSS—_ T SRR '

Eda S., Tanaka K. et al. Nat. Catal. 2019, 2, 780-792.



In Cellulo Study

[Prodrug efficacy]

Hela cells & Prodrug 17 OMe OMe
1.5+ GR;: 4.18 MeO OMe MeO OMe
GR;(: 0.003 # Drug 20 0" o Ab-Ru O
~Z  4days, in cellulo

-+ Prodrug 17 + SO OO
Alb-Ru (0.5 uyM -
(0.5 uM) = «
GRso: 10.1 17 20

v" Drug 20 showed excellent cytotoxicity (nM range)

AN v" Prodrug 17 was less toxic (mM range)
v Prodrug activation by GArM was observed
W 0.001 0.01 0.1 1 10 100

Concentration (uM) (Log10) *GR: Growth rate

[Targeting Hela cells] 4 uM of 17 and 130 nM of GArM
c for a ~50% supression - - - -
HelLa
GArM-Ru ig:o Sy
% 33 MeO_  OMe / ~ 100 : . :
b ’ - : I E
e £ E . -
43" Meo O Q 5 : :
“'o - (@ . (% 50 E e o
17 = = : ofe
Glycans targeting R S | : .
Hela cells o O 1 . M | ]
9 o MeO Q D 3 003 006 =043 I 025 050 1 2 4 8
X — e O GArM-Ru Concentration (uM)
55 Controls
B cAM-Ru [[] GAM-Ru + Prodrug (4 uM)

Hela cell Nasibullin, |, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Prodrug Activation in Mice

OMe ti:

MeO OMe
i.u o Yo
X N

»
GArM-Ru
» 17

D-4 DO D2 D4 D6 D8 D20

1117 N

Hela cells ' Mice sacrifice
4.9x108/100yl 1.7’(.3”."“’1?':‘”
injection i.v. injection

Pictures and the weight of tumor tissue — See appendix

[Tumor size in mice]

400

—®— Vehicle
Tl = v" 17 or GArM-Ru: No activity
% v GArM-Ru ”‘; v" GArM-Ru + 17: Suppression of tumor growth
£ | 4
5 200 v GArM-Ru+ 17 44‘“"’ '
= p o =
S 100 P 72
e % . .
NS ggii ___________________________________ Prodrug activation via Ru-catalyzed RCM
N . ° °
S was achieved in mice!
-100 T T [ |
0 5 10 15 20
Days after start of therapy n=>5

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Short Summary

@ b ¢
selective N\ b ¢
reactivity
T— s HSA

In vivo Au catalysis
Targeting specific organs

Angew. Chem., Int. Ed. 2017. Targeting X.-
Chem. Eur. J. 2018. el

N-glycans

v
44

Ru-catalyzed RCM in cells
GArM targeting cancer cells

Nat. Catal 2019.

atalytic— Prodrug
metal <‘
Drug

2

/
’}’ ’:.ffz;Ru‘ % $3 P, M Ove

" MeO Q Q -

s C S .

.

S

Tumor suppression
via prodrug activation in vivo!!
Nat. Commun. 2022.
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Perspective

[Creating new tandem reactions]

3 Ny fo} Ny
(LO o
71 RuSCNP BGal
2w o m j:li Irradiation Hoj}/i mEnzymatlc m

Tandem catalysis by Ru cat. and enzyme

Mi to provide bioactive agents in cells

J. Chen. et al. . Am. Chem. Soc. 2020, 142, 4565-4569.
[TM catalysis in vivo in the future...]

Drug!!

biocompounds Artificial cat.
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Summary 43

Figure: ACS Appl. Bio Mater. 2020, 3, 4717-4746.

Drug Synthesis

? Fluorophore Activation
& Imaging
-

o

N Prodrug Activation

[ ) ProteinaGlycan
<=l Labeling

Living “reaction vessels”

TM catalysis allows a great variety of reactions in vivo.

¥

It leads to the further development of biological tools
and the creation of new therapeutic modalities.

Thank you for your attention!



Appendix



Toxicity of Metal Compounds

[Myths of metal compounds]

»Heavy metals correspond to more toxic compounds
in comparison to lighter metals
—This brief is ungrounded as toxic features of a metal depend on
its oxidation state, ligands, etc.

»Toxicity can be directly correlated with the

structure of metal compounds.

—|t is hardly possible to draw a direct rule for correlating the
structure with toxicity.

> All nanoparticles are toxic.
—As their transformations in the environment are often intricate

and difficult to predict, it is hard to establish the rule of their
toxicity.

*For detailed information, please see the review cited below.

Egorova K. S., Ananikov V. P, Organometallics, 2017, 36, 4071-4090.



Toxicity of Metal Compounds

A All available compounds C Oxides

scandium titanium. Vanadium m manganese cobalt ‘nickel copper. zinc ‘scandium titanium Vanadium i manganese ron cobalt nickel copper.
21 22 23 25 27 28 29 30 21 22 23 4 25 26 27 28 29
Sc (Ti |V Mn Co [ Ni (Cu|Zn Sc ([ Ti |V Mn| Fe | Co | Ni | Cu

44.956 47.867 50942 51.99 54938 58933 58693 63.546 6538 44.956 47.867 50942 51.99 54938 55.845 58933 58693 63.546
yttrium Zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium yttrium Zzirconium niobium molybdenum | technetium ruthenium rthodium palladium silver
40 4 2 43 a4 a5 46 47 48 39 40 4 42 43 44 45 46 47

Y | Zr |[Nb |Mo| Tc |Ru |Rh |Pd | Ag | Cd Y | Zr |[Nb |Mo| Tc |Ru |Rh | Pd | Ag
88906 91.224 92.906 95.96 98] 101.07 10291 10642 107.87 11241 88.906 91.224 92.906 95.96 98] 101.07 10291 10642 107.87
hafnium tantalum ‘tungsten rhenium osmium ridium platinum gold ‘mercury hafnium tantalum ‘tungsten rhenium ‘osmium ridium’ platinum goid

73 74 75 76 77 78 79 72 73 74 75 76 77 78 79

Hf | Ta| W |Re | Os | Ir | Pt | Au | Hg Hf | Ta | W |Re | Os | Ir | Pt | Au

17849 180.95 183.84 18621 190.23 19222 195.08 196.97 200.59 17849 180.95 183.84 18621 190.23 19222 195.08 196.97

mﬂ\ufordlm dubnium | seaborgium | bohrium | hassium | meitnerium | darmstadtium | roentgenium: |Futherfordium |~ dubnium | seaborgium | _bohrium | hassium | meitnerium z

105 106 107 108 109 110 m 104 105 106 107 108 109 110 111

Rf Db |Sg | Bh | Hs | Mt | Ds | Rg Rf (Db | Sg |Bh | Hs | Mt | Ds | Rg

261) 262) 265 264) @ 268) @ @72 261) 262) 268) 264 e 268) e 272

B Chlorides D

SRR TR R Y ] % Rating Common LDs, (single oral dose
Sc | Ti V Cr [Mn| Fe (Co | Ni [ Cu | Zn it :
44,956 47.867 50.942 51.996 54.938 55.845 58933 58.693 63.546 6538 descrlptlon for rats, mg kg 1)
e [ e (R R hodbor [l d‘lv;r By Extreme|y i <1
Y | Zr |/ Nb|Mo| Tc |Ru |[Rh |Pd | Ag | Cd : = -
83506 91224 92506 9596 08 10107 10291 10642 107.87 11241 nghly toxic 1-50

hafium Tantalum | tungsten Thenium “osmium ridium. ‘Platinum gold mercury

B | | T e e 3 Moderately toxic 50-500

Hf | Ta| W |Re | Os | Ir | Pt | Au |Hg : Y

17849 18095 183.84 18621 19023 19222 19508 19697 20059 4 S||ght|y tOX|C 500-5000

dubnium seaborgium bohrium hassium meitnerium

i - | LI P O R [ Practically non-toxic 5000-15000
Rf h| Hs | M R
Sl oo salfon st e Dol Re -Relat.vely harmless >15000

Compound Oral LDs), mgxkg” (rat) |  The toxicity of metal compounds can differ
greatly because of differences in solubility,
CrO; 52 oxidation state, ligands etc.

CrCls 440

CrCl, 1870 B ‘

Cr(NO3);x9H,0 3250

Cr(acac); 3360 Heavy metals are not necessarily toxic

Cr0; TS0 than light metals.

Egorova K. S., Ananikov V. P, Organometallics, 2017, 36, 4071-4090.




Toxicity of Metal Compounds

[An example: Possible biochemical transformations of organotin compounds]

Anthropogenic sources

f R.Sn R.Sn
R,SnX hd
R.SnX, Human consumption d\ air

\@ % Fish, seafood etc. SnIX,
} /

R.Sn d ' /‘{ CH,Sn*

R,SnX water k (CH,),Sn*

R,SnX 2 K
2 2 /SnX .__L_. SnX (CH_‘),SH

RSnX, \4{1 d 2
a c
k’ BIOT ¢
oTA ’ A\ SnX, + CH,
a l e
R.Sn b R,SnX CH,SnX,
Je e £/ /e
R,SnX R,Sn (CH,),SnX, CH,Snl,
Jc R,SnX f/ /e (CH,);S
stn‘x) " stnxz (CH;);S“X
RSnX,* ¢ RSnX; £/ /e ,
(CH,)Sn
¢ I
& e € 1 e ! e ! e
& SnX,— —>—= (CH,),SnX,,—= (CH,).Sn+— (CH,),SnX <— (CH,),SnX,+— CH,SnX,
X
SnX, / T ) —
sediment ((CH,),SnS), ((CH,),Sn),S SnX, SnX,

Due to liability and facile reactivity of metal-containing compounds, they can undergo
profound structural transformations before affecting living organisms.
— It is difficult to identify the structure that causes the most pronounced toxicity.

Egorova K. S., Ananikov V. P, Organometallics, 2017, 36, 4071-4090.



Tripodal Amine Ligands for Cu(l) Complexes 4s

V.. oxidation rate
kobs: CUAAC second-order rate constant

V,= 27: k. = 34 ' =0.77; k

obs

=0.9 \

obs

Chelate arms length of Cu(l) complexes
mainly influences the angles between
N(1)-Cu(l)-N(2).

3-Cu(I) 5-Cu(I) |

=146 k= 1.3 V, =18.0; k= Larger N(1)-Cu(l)-N(2) angle gives

better protection of Cu(l)
against oxidation .

O,

10-Cu(TI) 11-Cu(I) Cu(llL Cu(l)L
V,=74;ky,=0.6 Vo =20 R 3.1
Na ascorbate \/‘ > oxidation products

Zhu Z et al. Catal. Sci. Technol. 2017, 7, 2474-2485.



Cu(l)-Triggered ROS Production

“I............................ l |
* ¢ '
. % NgR NN 7 RN N
; ""y ‘ °" e S oSN 2
n . L . — R L”, >i<’ 'Cu» J R
. / : Cu ‘Cu R --Cu Cu
u Hic, TSc¢, Ve,
.
ih - L=ligand L= hgand Aky = H—=—R
. Illo Cu—L : H——R _Ccu' R, R' = general groups ,Ci'_‘: N !“"N
n n . h -
" L ':-Cu’-. R
. Aky cu' . ot o L R, £ L=z &
. Asc —— =P Cu RNs 2 ot Cu’ MR v 'c"N> " / Ve,
" - Cu w- Cu B g U_"}__ 1 GO — |Cu!_ " N
. — o n LR L, =R L. =R v, =X
" " N “ci Cu ‘Cu Cu R
. Vo . lic, Iiic, Ve, TSc,
. .
............................-“ T
OEG (ligand arms) i
o 2 oxidation products R '*N'N*‘ N / T
- Q R—~==—H orH

The toxicity of Cu(l)

— Due to the production of reactive oxygen species (ROS)
(Fenton's reaction is also a plausible mechanism of its toxicity.)

Zhu Z et al. Catal. Sci. Technol. 2017, 7, 2474-2485.



Biological Effects of Grubbs Catalysts

R2 R1
|; iG | Cl

Ru= Ru= N
eI’ | o | P -
1
R N

~ @ @r
G1: R', R2=P(CyHex); HG1: R'=P(CyHex)s

G2: R'=P(CyHex)s, HG2: R'=NHC

R2=NHC P(CyHex)s NHC
— . ' [l Table 2. Antiproliferative effects of Grubbs-type catalysts in MCF-7 and
Table 1. Inhibition of TrxR, GR, trypsin, and catB by Grubbs-type catalysts. e
ECS() [I»LM] 1Cso [uM]
Compd TrxR GR trypsin catB Compd MCFZ licd
Cisplatin® 2.0 7.0
G1 >100 (53+5%) >100 (78+7%) >100 (83+3%) > 100 (75+2%)* G1 548421 >100 (69 +4%)
G2 16.4+2.3 >100 (79+5%) >100 (87+3%) >100 (62+3%)* G2 >100 (60 +3%) >100 (94 +2%)
HG1 34+09  >100(714+2%) >100 (90+4%)  29.3+5.2* hiGs1 b =100 (0==315)
HG2 9.9+3.7 134+44
HG2 25+03 > 100 (80+4%) > 100 (96+2%) 8.0+1.2*
[a] Results are expressed as mean (+£SD) of three independent experi-
[a] Results are expressed as mean (£ SD) of three independent experiments. If ments. If no IC;, value could be calculated, the percentage of cell bio-
no ECs, value could be calculated, the residual enzymatic activity at 100 pm is mess (compared: with an untreated contral) at 100w of the: compound
X 3 . ) . is given in parentheses. [b] ICs, values for cisplatin in the same assay are
given in parentheses. *: insufficient solubility at 100 um. given as a reference (data taken from Ref. [25,30]).

Grubbs-type catalysts have potential as inhibitors of tumor-relevant enzymes,
exhibit antiproliferative effects in cultured tumor cells, and influence cell metabolism.

L. Oehninger, et al. ChemMedChem, 2011, 6, 2142-2145.



ADCs Linker Cleavage

[Cleavable linkers so far]

Current cleavable linkers rely on...

* Redox cleavage

These are not amendable for bioorthogonal

* Enzyme-mediated cleavage B o
control over the activation process.

+ photocleavage

« Transcyclooctene (TCO)-based linker

— It requires a sophisticated synthesis procedure, which hampers large-scale production.

\
o NN AN HN-O Monome! thyl-auristatin E
Anti-TAG72 Polyethylene- H 9 H H
diabody glycol . N\)LN N N
H
o AN

I o o o_o

(TCO)-based linker R. Rossin, et al. Nat. Commun. 2019, 9, 1484.



Another Example of ADC Cleavage by TM

This work
¢ Decaging of bifunctional propargyl carbamates (cancer cells)
Cl Cl
—Spacer
" (&ﬁ
/\/ N—O j > H N—Q
proten
thicether dvecied ~ (e.g drug or
(e.g. antdody) - ST = et
lnker
a
O
ek \/’%s\ojrunoox
o}
cDox 15
b ’ - -
T3M Do 1 1 ! 1 pM cDox
1 pM cDax 1
10 pM PY{COOCL1
cDox 15 « PY(COO)CL, 1
o "9 10 M Pd(COD)CI, cDox + Pd(COD)CI,
Cell viabity %

B. J. Stenton, et al. Chem. Sci. 2019, 9, 4185-4189.



Cu-Triggered ADCs Linker Cleavage (Etop)

[Etop-EMPra-Z, ;] I;Y Y
oo oA ) > Etoposide

cor b 7 * Anticancer drug
o/. N ep « Topoisomerase I inhibitor - DNA damage
° X Side effects due to the lack of selectivity
- Eop

&L

\
—

—

Cu-mediated release of phenols
. instead of amines

HEl Cu(l)-BTTAA BN DMEM
Bl Etop-EMPra-Zyggro 0 Etop

_SKBR-3 cell

BN Etop-EMPra-Zygro + Cu(l)-BTTAA

100 f

0]
o
L

Cu-catalyzed, on demand and on target
ADC activation strategy was
also demonstrated in Etop-EMPra-Z, ..

[«2]
o
L

Cell viability (%)

S
o

N
o
Y

» o3
Drig-concantratian: (k) *Cu(l): 50 uM Xin Wang et al. J. Am. Chem. Soc. 2019, 147, 17133-17141.



Cell Surface Modification

[Lys modification on the cell surface]

y .ﬂ; ) j’/ W
o_ _oO 4 N )N

OZNO \I(])/ >\Q/ \L(\/\) Cy3 dye moiety

PNB DMProc

Cy3-DMProc-PNB
OZNO > ‘ J
NH, OW m NH,
’ @ :
> >

Fluorescence Regeneration of Lys residues

Cell surface modification

[Fluorescent images]

Dye Hoechst Merged

Figure S8. Fluorescent imaging of the release of Cy3 by Cu(I)-BTTAA on living cells. The

Cy3-DMProc-PNB
- Cu(l)-BTTAA

Cy3-DMProc-PNB
+ Cu(l)-BTTAA

copper-triggered cleavage of the internal linker resulted in the decreased fluorescence of Cy3.
Scale bar: 100 pm

Xin Wang et al. J. Am. Chem. Soc. 2019, 141, 17133-17141.



Capture and Release of CTCs

Cancer et
** .
cell RS %,
Collagenase’ .
\ treatment- .
Before collagenase " ' .'. After collagenase
treatment Antibody treatment
“
Designed Cleave — For the culture and analysis of CTCs
peptide -

Polystyrene microfiber

v CTCs (Circulating Tumor Cells), which are tumor cells present in the blood,
have attracted much attention as a new tumor marker.

v The capture and release system will be useful for further CTCs analysis.

v" This system can be applicable for more accurate cancer diagnosis.

A. Yoshihara et al. Acta biomater. 2018, 67, 32-41.



Protein-Based Prodrug
Tumor (e.g. lung) overexpressing

protease and target

Healthy tissue (e.g. skin) expressing
target, but no protease

\

Target-specific affibody

Cytotoxic drug

*

Masking domain «**"
(anti-idiotypic affibody)

Tumor-protease‘ AII:;umin-binding domain (ABD)
cleavable linker for in vivo half-life extention

https://www.kth.se/profile/lofblom/page/protein-based-prodrugs



Tumor Size

a OMe \/t
MeO. O OMe o /O
GArM-Ru
Yoo yeyyy oo
Hela cell ] I ! I I Mi T_;
Ao 1357703“. S7/GAMN -RU oo saeriee
injection i.v. injection
*%*
*
. L\
Vehicle —~ 150/ o
2 e .
=
2 100{ ®
§ o
g 50 | e e o
= o® o ©
GArM-Ru -
0
A RS
C N /
+ 17 v‘@
©)

Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



Preparation of ArM

Supplementary Figure 1. Structure of the a(2,6)-Sia terminated glycan-aldehyde probe 21

o .
Albumin H,O/DMSO, 37 °C, overnight

H,0, 37 °C, 1 hour

Albumin-Ruthenium complex

(Alb-Ru) 2 *e
(Ru — i
: X N/\/O\)J\N
; H H
EtoN (O] MesN_ _NMes
1 CI::..;E_
cI- |
\<O
where: HO, OHOH Com
> OH
AW 355 °
a(2-6)- ’ H”é“—i\“ o Glycosylated Albumin-Ruthenium complex
Sia-Gal-GIcNAc-Man "o ) N o (GArM-Ru)
(2-6)- Man-GlcNAc-GIcNAc 2 0 ,é;o q
Sia-Gal-GIcNAc-Man R vt NHANQ{%
HO, O;H COzH H&gﬁ
AM\ Sé;o o
HO ~Jo
Nasibullin, I, Tanaka K. et al. Nat. Commun. 2022, 13, 1-12.



ArM as an Ethylene Sensor

Albumin artificial metalloenzymes (alb-ArM)

: Drug therapy
Bound Eda et al.

talyti
motal ﬁcQO Nat catal (2019)

Diagnostics Human

. serum
ThIS WOrk « albumin

ArM-based ethylene detection in plants:

GOAL
Probe
o To create an H H H / @
enzyme biosensor }-( ( )
that can detect > \‘ ]
ethylene in a 1 H \ _\ I_ "
spatiotemporal H>=<H
manner \ Bioimage in H H
Fruits and sp atr';:;i’;gf ral Tun-on | Ethylene ;
leaves flurorescence
STRATEGY

o Utilize FRET-based detection based on ruthenium-catalyzed, cross metathesis with ethylene gas
H H

H H
Cross
metathesis
with ethylene

fluorescent /@/&NH

e
MeoN Z

oA Rl
oo /&TN\Q\

Fluorescent Ru—

Et,N

Hydrophobic binding pocke Hydrophobic binding pocket
N Advantages of alb-ArM usage:
% C O Metal complexes becomes water-soluble
ArM ethylene probe O Protein scaffold protects metal catalyst
(AEP)

Bong, K., Tanaka K. et al. Nat. Commun. 2019, 10, 1-15.



Drugs Possessing Propargyl Group

\\

Rasagiline Selegiline
For Perkinson’s disease For Perkinson’s disease

_|_
Transition metal catalyst

2

Causing a new drug interaction(?)




Cu catalysis in A plaques

click to chelate oxygenatiow "

------\

AB40-Cu monomerl
oS e S _
N
/©:s\>_©_ N-N @

Azide-alkyne cycloaddition catalyzed by
endogenous copper accumulated in AB plaques.

AB photo-oxygenation & Cu extraction from AB-Cu aggregates

—The synergistic effects promoting the disassembly of
AB-Cu aggregates!!

Du Z. et al. Chem. Sci. 2019, 10, 10343-10350.



Cu catalysis in A plaques

oxygenatiow
|

monomer!

Cell Viability (%)
58 8

n
-

0-

ABCu - + + +
AA - + + +
4

+ + +
+
+ + +

5 = = - %
light = - + =

]
+
]
I+ + + +

1
+
+

v 40+41+ascorbic acid(AA)— cell morphology was restored.

v" After UV irradiation (photo-oxygenation), cell viability further improved.

Du Z. et al. Chem. Sci. 2019, 10, 10343-10350.



