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What is Bioconjugation?

Bio(4E {&)conjugation (3£ 1%)
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Covalent Bond
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Forming

A-B Conjugate
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:> add new function y

A : Biomolecules(mainly protein)

B : Molecules adding other function
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Use of Bioconjugation

* Creating experimental tool
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Antibody-enzyme
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» Affinity chromatography



Use of Bioconjugation

. Polyethylene glycol-protein conjugate drugs

fos}o f<\/7\

fop H}( ;ﬁ - b,

PEGASYS®
Native Interferon a—-2a PEGASYS
Harf-life 3-8 h 65 h
Dosing interval thrice-weekly weekly

Sites of attachment

Lys 31,121,131 or 134

> |mprovement of patients’ QoL
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Alconcel, S. N. S., Baas, A. S. and Maynard, H. D. Polym. Chem. 2011, 2, 1442
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Use of Bioconjugation
* ADC(Antibody-drug conjugate)
i (Kadcyla) |

Trastuzumab(Herceptin)
Inhibition of HER2 signal

@)
Oti aswzumab | €MTaNsine
-NH

0 Inhibition of tubulin polymerization

Stronger therapeutic effect and less side effects
than conventional chemotherapy
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Conditions necessary for bioconjugation

* Psysiological conditions not to interfere with proper protein folding and function
Temperature (<37°C)

4 N
Many functional groups in protein

< pH(6-8)
£ SH ’—@—OH
Aqueous solvent
Ny —NH, / NH
* Chemoselectivity(residue-selective reaction) {—OH
= Distinction of different amino acids {—COOH
L J

* Site-selectivity and control of the number of modifications
= Distinction of local environment of amino acids
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Importance of control of modification

* PEGylation of proteins

(

—

4

Native protain

_>

N

4

PEGylated protain
stability T

activity |

Steric hindrance
(0
~h
£
Sbo AN

Native protein

(PEG chain near to active site)

Lower activity than native protein

Activity of proteins is reduced due to blocking active site by PEG chain

Keefe, A. J. & Jiang, S. Nature Chem. 2012, 4, 59



Importance of control of modification

Activity of PEGylated chymotrypsin

4 R\
= | 9 H 90
H H Km °
N NJ N o o (uM) 70 o
o)
O2N 50
substrate 40 polymers/protein
K 0 1 2 3 4 5
a 20 I
o 0 o 1>
AN B ~
O e S e e
XN (M)
5
Smaller substrate . Aaymarsiprotsin
k 0 1 2 3 4 5 /

Need for controlled modification to the amino acid away from the active site
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Importance of control of modification

* Influence of conjugation site to ADC’s stability and therapeutic activity

Heavy chain

Fab region d LC-V205

Heavy cham% ﬂ % y % :
Fc region . ‘
nght chain = . l
FC-S396C HC-A114C LC-V205C ...

-=5-' ':-':-"D}é:’
Y ‘f" {‘q‘ conjugation site

similar biding to HER2 overexpressing MCF7 cells

s &
L i

e

Fractional sohenl
accessibdiy

Shen, B.-Q. et al. Nature Biotech. 2012, 30, 184

* Solvent accessibility : FC-S396C > HC-A114C > LC-V205C

e LC-V205C conjugation site is in a positively charged environment
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Importance of control of modification

These ADCs’ in vivo efficacies and pharmacokinetics properties

d O LC-V205C-ADC € 000-
O HC-A114C-ADC |
. &0 A D = s |
-omrTIIIIT g 100
l H’;)OIU?Q Vehicle =2 &' %
. i = 104A= ‘—"!:'.. — ’g --------
3 80 2 1% S e, S, G 2 } Tow amtibody
- S 1 Jd S, i p A <
A = o T~ LC-V205C-ADC
- = . > ol | ! —~
: 40 LT : U.1 Rl ~d. HC-A114C-A
gv .) ¢ ( % "' 00 " i.‘..
1 N U } ~4 10
- nmu o.i O
0 b O . 0.001 4 ' ' : '
0 20 40 0 7 14 21 28
Study day (dosing on day 0) Time (day)

* In vivo activities and durabilities : LC-V205C > HC-A114C >FC-S396C
* No differences in total antibody clearance rates
= Differences in intact ADC levels from linker stability
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Importance of control of modification

Difference of stability of antibody-drug bonding

O

S
Antibody~
t‘f”
Solvent accessible sites undergo Conjugation sites in positively charged environment
maleimide exchange in the plasma undergo succinimide ring hydrolysis
(FC-S396C) (LC-V205C)
Antibod _S No maleimide
. ntibody exchange
Other peptlde/ HN— ’ Ve
N—Q HO N
ex. GSH
6 o
Protein conjugate Protein conjugate
Stability Stability T
Therapeutic activity | Therapeutic activity

= Site-selective bioconjugation is important to improve the stability
and activity of antibody-drug conjugate
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Importance of control of modification

* Influence of conjugation number to ADC’s stability and therapeutic activity

Yl T 4

cAC10 DAR(drug-to-antibody ratio)=2,4,6,8
. . . ey Hamblett, K. J. et al. Clin. C Res. 2004, 10, 7063
In vitro cytotoxic activities of ADC AR, B S eL AL T, RAneEr e
A 125-
: (1C50...E2 : 6.2 ng/mL

100-
g E4:2.9 ng/mL
/P — E8:1.0 ng/mL
- o E2 - /
25 w E4

s E8 o
ob X in vitro potency of ADCE2 < E4< E8
0.0001 0.001 0.01 0.1 1 10 100 1000

Concentration (ng/mL)
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Importance of control of modification

The effect of drug loading on in vivo antitumor activity

/\. Human's tumor /\Administration of ADCs

(total four times every four days)
x () x () o

-— -—

SCID mouse

Relationship of ADCs’ activity and DAR or dose

A —— Untreate / . \
200 Schedule qddxa o Therapeutic effect
e/ livme | EA0.5mg/kg =E80.5 mg/ke
e 800 | —o—E2, 1.0 mg/kg
5 {g i E2 1.0 mg/kg > E4 0.5 mg/kg > E8 0.25 mg/kg
g 600 5/10 -0~ E4, 0.5 ma/kg K /
E 6/10 CRs —— E8, 0.5 mg/kg
S 400 CRs % cAC10, 0.5 mglkg +
g 200 1010 in vivo activity isn’t proportional to drug number
CRs
0 OO O— O —O— O —0—0

0 10 20 30 40 50 60 70 80 90 100 110

Days post tumor implant



16/46

Importance of control of modification

Relationship of conjugation number and pharmacokinetics properties

1000

== cAC10
-=E2

- in vivo stability : E2 > E4 > E8

== E8

==
=
=]

—
[=]

Concentration (ug/mL)

ADCs with higher DAR level are more sensitive

to stress such as temperature.

Beckley, N. S., Lazzareschi, K. P., Chih, H.-W., Sharma, V. K. & Flores, H. L.
0 10 20 30 40 50 ) )
Time (Days) Bioconjugate Chem. 2013, 24, 1674.

=The number of bioconjugation is also important to improve
the stability and activity of antibody-drug conjugate
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Importance of control of modification

* Modification location and number of the protein are important
for the its activity and stability

= Site-selective bioconjugation reaction
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Target of protein bioconjugation

e 20 natural amino acids

0
HN—CH-C—OH
CHj,

Ala
o)
H2N—CH-|(!—OH
.L

Gly

HN

Pro

0
H2N—(i‘.H-C—OH
G

G

Arg

HoN—CH-C—OH
CH,

NT R
\\—NH

His

Ser

(0]
H2N—CH-g—OH
CH,

(I:=O
NH,
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HZN—CH-IC!—OH
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CH,

[
CH,

lle

H,N—CH-C—OH
CH-OH
CH,

Thr

(o) o
HzN—(IIH-g—OH H2N—?H-g—OH
(|:H2 ?Hz
c=o0 SH

OH
Asp Cys
(o] o
H2N—(I:H-IC!—0H H2N—CI.2H-2—OH
CH, CH,
(ItH-CH3 ?Hz
CH; (I:Hz
CH,
NH,
Leu Lys
(o] (o]
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CH, CH,
7
HN
OH
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Tyr
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HZN—CH-ICIt—OH
CH,

CH,
¢=0
OH
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o
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CHy
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o
H2N—CH-g—OH
CH,

CH,
¢=0
NH,

Gin
i
H2N—(I:H-C—OH
CH,

I
HZN—CI:H-C—{

N-terminal

C-terminal
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Conventional protein bioconjugation

1. Targeting natural lysine
2. Targeting N-terminal amine

3. Targeting natural cysteine



Targeting natural lysine

* One of the most nucleophilic functional group in a protein

* Abundance on the solvent-exposed outside surfaces of protein

= Most reactive amino acid

A\

NH,

NaBH;CN

Yo
- . /NH
isocianate ~
y
H
NHC ester -
- - o
H
/N\/O
reductive amination o
J
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Tareeting natural lysine

 Random modification of Lys residues

V@ VWV~

conjugation .~ Enzymatic digestion» LC/MS analysis 5 Peptide fragments
(modified, unmodified)
NH, NH
\
(total 86 Lys) (drug)
huN901 with 0-6 linked drugs

40 of identified modification sites = millions of types of products

Modified lysine residues either are located on the protein surface or have
relatively large structural flexibilities.

But site-selectivity is remarkably low

Wang L., Amphlett G., Blattler W.A., Lambert J. M., Zhang W.
Protein Science. 2005. 14. 2436
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Tareeting N-terminal amine

* Only one N-terminal amine

= No diversity of conjugation products
* Possible to distinct between N-terminal a amine and Lysine € amine

® ®
otonation

NH; NH;
Ka 10
P o 0
® Neutral pH
NH3 >t NH2
- pKa 8 -
R R Depr *

Reacted

But impossible to introduce multiple modifications
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Targeting natural cysteine

 Rarity of cysteine in proteins

= Low heterogeneous products
* Thiol also has high nucleophilicity

* Different reactivity of Thiol (soft nucleophilic group)
0)

| N0
/SH /S
- o) maleimide - o
> N
20

4

S. disulfide /S\s/o
O/ X forming -
>

X : leaving group }
ex. halogen, SO,H, S-pyr

But Cys in protein form disulfide bonds=Necessity to reduction of S-S bonds




Targeting natural cysteine T )|
* Reduction-Alkylation strategles 0 Hs SN N || OSSO

L OH ) L o OH )
( )
% DTT or TCEP % COOH 25/46
(pertial reductlon) DTNB NO,
conjugation
DTT HOOC S\S

(full reduction)
4 interchain —>DTNB
O,N

disulfide bonds (pertial oxidation)

\§ J
]| INtermolecular and intramolecular disulfide bonds

EITCEP partial reduction

eonecacesain] | were distinguished(intermolecular S-S only reduced)

40 -

. Partial reduction can’t distinguish intermolecular S-S
8 20-5 . .

o bonds=various reduction product

g =various conjugation product

E2 E4 E6 EB
Drug Loading

Site-selective Cys reduction-modification was difficult

Sun, M. M. et al. Bioconjugate Chem, 2005, 16, 1282



Strategy of s

ite-selective protein bioconjugation

* Impossib

e to distinguish same amino acids

Lys and Lys, Cys and Cys

= Recognize other than the target amino acids

» Local environment around the reaction point

» Ligand recognition site away from reaction point
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n-clamp-mediated cysteine bioconjugation

* Thiol’s Nucleophilic aromatic substitution (SnAr) reactions

F SR
F F S F F
SR
y
F F  R=Me, Et, Ph F F
F F

SR

_ SR
Birchall. J. M. et al. Chem. Comm. 1967. 338

e Glutathione-S- transferase are capable of selectivity arylating

Cl
NO,

HOOC\/\)I\

le

COOH

GIutathlone
(GSH)

NO,

GST (glutathione-S-transferase)

GS

Cl

NO,
©

NO,

GS
NO,

NO,
Ji. X. et al. Biochemistry. 1993, 32, 12949

= Arylation of cysteine can be used to Cys-selective bioconjugation.

28/46



29/46

n-clamp-mediated cysteine bioconjugation

* Cys-perfluoroarylation reaction Amino acid Yield("F NMR)
F SR 0
E F Amlznzqamd E F HS/\I)I\OMe > 95%
- NH
TRIS 2
F F OME F F
F 2mM, rt, 4.5 h SR o
HS OH >95%
. NHAc
Cys-selective
(0)
Room temperature N |
</ H No reaction
But organic solvent needed NH

H->N
2 \/\/\|)j\ No reaction

Spokoyny. A. M. et al. J. Am. Chem. Com. 2013, 135, 5946
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n-clamp-mediated cysteine bioconjugation

* Enzyme-catalyzed Cys-bioconjugation

Fast

Cys-serective
Regioselective
Aqgueous condition
But enzyme needed

~

' SH : GST
"""""""""""" TCEP, Phosphate buffer
pH 8.0, 37 °C, 30 min
y. quant

- Glutathione

HS 13 uM, pH 8.0, 37 °C, 2 h

Zhang, C. et al. Angew. Chem. Int. 2013, 52, 14001.
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n-clamp-mediated cysteine bioconjugation
* Cysteine bioconjugation using without

1. Organic solvent

2. Enzyme (GST)

= Search of substrates reacting in water

F
H,N-X-Cys-X-X-Gly-Leu-Leu-Lys-CONH, MW Al

F : >Streptavidin LC-MS._;
peptide library 19*19*19=6859 P s e pull-down ™ Analysis

= Phe-Cys-Pro-Trp-... reacted in water

= Aromatic amino acids activated the cysteine thiol and interact with the
perfluoroaryl group?



n-clamp-mediated cysteine bioconjugation

* i-clamp mediated conjugation HN-X-Cys-Pro-X-Gly-Leu-Leu-Lys-Asn-Lys-CONH,

. 1.1 . phosphate buffer
peptide Ky(M1s™) yield(%) X=Phe, Tyr, Trp TCEP

pH 8.0, 37 °C, 30 min

Gly-Cys-Pro-Gly- NIA < Aromatic amino acids accelerated reaction
Gly-Cys-Pro-Phe- 0.09 . .

Only Phe-Cys-Pro-Phe reacted quantitatively
Phe-Cys-Pro-Phe- 0.73 >99
Tyr-Cys-Pro-Tyr- 0.08 47
Trp-Cys-Pro-Trp- 0.20 & Zhang. C. et al. Nature. Chemistry. 2015, 2413

* Applicable to reactign of protein(antibody)

Phosphate buffer

’ TCEP
39 uM, pH 8.0, 37 °C, 6 h

not reacted
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n-clamp-mediated cysteine bioconjugation

* Mechanism of t-clamp mediated cysteine bioconjugation

@ Activation of thiol of Cysteine (stabilization of thiolate)
Structure of Phe-Cys-Pro-Phe

&-SH (pKa=7.69=%0.09)
More acidic than thiol of Gly-Cys-Pro-Gly (pKa=8.302%0.05)

= Nucleophilicity of thiol increases
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n-clamp-mediated cysteine bioconjugation

€ Lower activation energy and product free energy

Activation energy (AE)

A

ETS - Epeptide

n-Clamp / \

Eproduct + EHF = Epeptide - Eperfluoroaromatics

AG (kcal mol—1)

e
\
\
\
\ -16.8 s i Ly
v Kproduct from GCPy k product from FCPV

Free energy (AG)

-1t interaction stabilizes transition state and product=reaction acceleration



n-clamp-mediated cysteine bioconjugation

Interaction between reagent and amino acids around target

Cysteine increases site-selectivity of bioconjugation

* Problem

@ Necessity of structure X-Cys-Pro-X to drive bioconjugation reaction

= Introduction of X-Cys-Pro-X to target protein by genetic manipulation

* Next step

€ Recognition of native amino acids around target residue
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Ligand-directec

selective bioconjugation

e Concept of an affinity

eneral surface

\<

liganad ©®

S, Tag

-

abeling probe

—

reactive group

y (2 eq)

37/46

S

Human carbonic anhydrase Il
(HCA 1)

Tris buffer (pH 7.4)
rt, 20 h

>

Site-selective
Protein-selective

Chen, G. etal. J. Am. Chem. Soc. 2003, 125, 8130

High yield (>90%)
HCA Il selective
His-64 selective
Not reacted with inhibitor of HCA Il

Not reacted without ligand of HCA I
\.

~

J/
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Licand-directed selective bioconjugation

* Problem

Ligand = Active site was blocked, reactivity,
/r:tdissociate = Reagents not yield covalent protein-ligand adducts

Protein
* Ligand-directed Tosyl (LDT) chemlstry released
Tosylate n"h’“_
linker o o
ﬁﬂ—"’ g

% Tosyl Chemistry

ngand on Protein Surface

Targg[ Target ——
Protein Protein- ngﬂnd Protein Protein

Interaction

T. Tamura, S. Tsukiji and I. Hamachi, J. Am. Chem. Soc., 2012, 134, 2216
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Licand-directed selective bioconjugation

* Design of LDT reagents(spacer structure) _seacerstructure

( )

a

s e

o o 4.8 A <2 -
W ,-G Prﬂ'hE 12.3 A
D'E' Spacer é S\ ~ b N )\ ‘
N 0 XY M
| | - >
Q0 0 0 Tosylate Linker 8.6 A - ° >
7.6 A
l | Probe ~ g

SLF . =
o (0 N\/ o
I T oy oY
H
\(\/\/ I P

(Ligand for FKBEP12)
Fl (fluorescein) coo I (0]

OH

\

Dc (7-diethylaminocoumarin)
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Licand-directed selective bioconjugation

* Reactivity of reagent entry  spacer probe yield
1 a Dc 3%
LDT reagent .
> 2 b Dc 19%
Tris buffer 3 c Dc 6%
11 uM, pH 8.0, 37 °C, 48 h
FKBP12 4 b Fl 21%
5 d Fl 71%
* Site-selectivitv of reagent
i T
SLF(ligand)  Tyr8S Entry His90 Tyr85 Glu57
4 43% 4% 53%
5 4% 0% 96%

=Spacer D increases reactivity and site-selectivity
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Licand-directed selective bioconjugation

€ Length of spacers b, d is close to the distance
between ligand and target amino acids

~ @ Piperazine type spacer may fix probe towards
Glu57

Labeling site Distance from ligand
His90 8.51 A : . .
=Hard spacer with appropriate length is
Tyr85 6.74 A

important to reactivity and selectivity
Glu57 6.88 A
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Licand-directed selective bioconjugation

Binding of ligand and active site accelerate bioconjugation

reaction

* Problem

€ Slow reaction rate and low labeling efficiency of ligand-directed tocylate

chemistry

=More reactive reagent
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Licand-directed selective bioconjugation
* Ligand-directed acyl imidazole (LDAI) chemistry

-------------------

‘w A/©/S\O/\:?/

--------------------

Cigand) /\/\)I\N/\/\/\ JI\/K/

Acyl transfer is faster than Sn2 reaction?
Much more reactive than LDT reagent Matsuo. K. et al,, Chem. Sci., 2013, 4, 2573
* Ligand-directed dibromophenyl benzoate (LDBB) chemistry

-------------

0 ; Ka of leaving group : 5.6 (imidazole 14.5
- /\/\)j\ /\/\/\N Br p g g p ( )

/ll\/w Fuorophard — VIOTE reactive

:__? __________ Modification yield 50% (30 min)
F?;L“n"y'i‘:ﬁiﬁ'.‘i‘:ff;’r 85~90% (3 h)

Takaoka. J. et al., Chem. Sci., 2015, 6, 3217
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Licand-directed selective bioconjugation

* Problem

€ Modification point is limited to around active site

indicated that the original molecular recognition ability of CAll is fully retained.
(S. Tsukiji, et al. J. Am. Chem. Soc., 2009, 131, 9046)

= Not applicable to modification of amino acids away from active site

* Next step

€ Recognition of structure of protein surface other than the active site
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Summary

€ Importance of modification location and number of the protein

* Resent study

@ Transferring the microenvironment of the protein surface to the site-selectivity

of bioconjugation

»1i-clamp-mediated cysteine bioconjugation

> Ligand-directed selective bioconjugation

* Next step

€ Development of technique for recognition of protein surfaces



