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Amino acids for bioconjugation

Conventional ‘ / Recent \

Cys Lys

Trp
oo , O N N .
NN LN (:IQZ o 5 AN
: B s ...§= /©/ \S(;)“z
HS” HoN 5 HO

(PKa=8.7) (PKa=10.5) (pKa=10.46)

v’ Reactive because of nucleophilicity v’ Less-reactive

v Abundant (Lys) / \\\/Rare /

Trp... keto-ABNO
Tyr... reactivity can be efficiently tuned by pH control
Met...only native residue that can be alkylated under acidic conditions 4

Biochemistry 2017, 56, 3863—3873




Cys and Lys residues for bioconjugation

The advantage of targeting Cys or Lys residues

@ abundant (Lys)
(2 Easy to taeget because of high reactivity

- Ratio in human protein(%) | The position of residue

within the folded proteins Not accessible

Lys 5.9 On the surface of proteins accessible

Native lysine residues are more convenient targets for protein modification than cysteine residues,

Targeting naturally occurring side chains in a chemo- and region-selective fashion
remains a great and unexplored challenge.

5
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Problems in Lys-bioconjugation

Problem

- Conventional method —
v Difficulties to target specific single Lys residue
v/ Require a large excess of often-valuable reagents. (e.g. 10 eq)

v/ Require metals(e.g. Ru, Pd...) or other additives that must later be removed from the

reaction mixture.

~_

“A general way to selectively target single Lysine is lacking ”

6
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A main literature discussed in this seminar

- Sulfonyl acrylate (Lysine activated) -

Hydrogen bond assisted chemo- and regioselective modification of lysine on native proteins

0
. + O E
HN - NH; i & H“N NH“ | mAT
I , -’f Mo i Py
Hs_ protein — NH, 1 equiv HSM o i
pH 8.0, 214
1-2h, RTto 37°C Chemo and regloselective
Lysine modification assisted TS
% - fluorophor
- = e
‘&5 \ﬁ) G’%w PEG
—' Annexin-v Trastuzumab
Functional protein conjugates

v’ Stoichiometric amount of sulfonyl acrylate reagent

v' Proceed to completion rapidly (1~2h)

v Under mild conditions (pH=8.0, rt-37°C)

v Applicable to a range of native protein types

v The products are stable

v The method is compatible with Cys bioconjugation method ... cesetar s 4m Chem soc 2018 7430, 4004—4017
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Chemical Lysine modification

* N-hydroxysuccinimide (NHS)-ester
* o,B-unsaturated sulfonamide
 Sulfotetrafluorophenyl esters

* Stilbene

e B-lactam



Chemical Lysine modification 1

- N-hydroxysuccinimide (NHS)-ester type -

HaN  NHj
I | -
: RNase-A%

Jk?w NH3 ,IOL

NH2 05 equiv. ﬁ

R

pH 7.4

m,

incomplete conversion

ref. 10

[10 Lysines in Total |

Ethynyl Grogp

<O

—— —— —
Biotin TEO-Linker NHS Ester

V

O

HN NH [,

0 HI/EL
% \,o D

BIotIn-TEO -Ethynyl-NHS (18)

92 %
RNase A (1) biotin-LC-NHS (2) mono-biotin RNase A (3)
b) ©) & d) e) ) Bl
1 i-‘ g 3 1 1 3
m/z g 2 . m/z
13682 .ﬁ 1 3 14021
:
,E 2 3 3
$ "
b &
& u =1 o
a £ U g
-Li —J _J al
RNase A 10 eq. (2) 1eq. (2) 0.5 eq. (2) 0.5 eq. (2) ono-biotin
One-Portion  One-Portion  One-Portion 00-Portion Nase A (3)
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Chen et al., Bioconjugate Chem. 2012, 23, 500-508




Chemical Lysine modification 1

- N-hydroxysuccinimide (NHS)-ester type -

0
+ + O
HiN - NH3 . HN NHy O
Lo R 0 " /[L
f‘“i‘*} NH2 0.5 equiv. o RNase-A 1 N“ "R
pH 7.4 i,
incomplete conversion ref. 10
| NH,
K9 NH, } K4
NH, A1

RNase A(1) LysozymeC SST-14

Rnase A

v’ the highest solvent accessibility.

Lysozyme C

v hydrogen bond interaction between K1 and E7

11

Chen et al., Bioconjugate Chem. 2012, 23, 500-508



Chemical Lysine modification 1

- N-hydroxysuccinimide (NHS)-ester type -

0

¥ 0 P o Advantage
HaN  NH )k N HN  NH 0

s R - N NH, v’ Fast (2h)

RNase-A . B o /I'L

Rhase AL NH, 05equiv. O RNase-A - N“ R v Low cost

' ] L[] L[] L[]
pH 7.4 t, v’ The risk of misfolding is low
incomplete conversion ref. 10

Disadvantage

' NH ) Cr .
- 2 v'the requirement of substoichiometric
K9 NH; amounts of reagent
; = imcomplete conversion

NH, A1

RNase A(1) LysozymeC SST-14

Chen et al., Bioconjugate Chem. 2012, 23, 500-508
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Chemical Lysine modification 2

- a,B-unsaturated sulfonamide type -

B o F
+ - R Q\""P 4+ -
HaN  NH; Sy HiN NHs  Ox~%g
| |
HSA }NH; H P HSA l_n

pH 8.0 10 equiv.

2 f. 11
up to 37 °C, &

incomplete conversion

Proposed Mechanism of the Conjugation Reaction with HSA

O
//fo ) 00 O F ~(\/\oj'\
= 4 os.r, Allylic rearrangment
TN reaction
NH5
5b
HSA /

F F
HO O
5" —_ + S0,
H HoN

L F — F

Angew. Chem. Int. Ed. 2014, 53, 11783 -11786
Bioconjugate Chem. 2016, 27, 2271-2275
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Chemical Lysine modification 2

- a,B-unsaturated sulfonamide type -

Screening of the Takeda chemical library was carried out
To develop a new therapeutic agent for sepsis.

COEt _ COLX
C[ § : (@i R
s7 7 ©8—N

) n ~
o o o o | \_R

Cl n=0,12 =

Lead compound

Yamada et al., J. Med. Chem. 2005, 48, 7457-7467
Barbas et al., Angew. Chem. Int. Ed. 2014, 53, 11783 -11786
Barbas et al., Bioconjugate Chem. 2016, 27, 2271-2275

Table 1. Inhibitory Activities of N-Arylsufamoyl Derivatives
S5a—t, 6a.b.e, Te, and 8 on NO Production

C[CO;Et CO.EL
N N
Ny A s HﬂuT,. ’ =
Ss 5t

Sa-r

O CO4Et .
M
(O C[s,»@
Cl

d§¢G o o
Te 3]
compd R ICxy® (nM) compd R ICs® (nM)
ba 2-F,4-Cl 160 £ 65 on 2-ClL 4-F 3.2 + 0.89
sh H 260 £ 113 50 2-Cl 4-Me 41 + 14
5¢ 2-F 75 + 45 s5p 2-ClL4-CN 1600 + 172
56d 3-F 150 + 14 5q 2-Et 130 + 16
ae  4-F 110 £ 11 ar 2-COsMe 1100 + 194
af 2-C1 12+12 a8 — = 10000
g 3-Cl 66 £ 19 at - = 10000
sh 4-Cl 400+ 279 6Ga 2-F, 4-Cl 1700 + 495
oi 2.3-Fs 140 + 49 6bh H =8200
5j 2,6-Fs 160 £ 4.9 G6e 4-F 1400 + 363
sk 24-F: 16 £14 Te — 4100 £+ 1742
5l 245F; 30+18 ] — 230 4+ 45
om 2,4-Cls 20+ 2.0

% The inhibitory activity is shown as an ICzy value, which is
the concentration of test compound required to suppress the
production of NO by 50% of control. Values are the mean + SI) of
two or three experiments. 14



Chemical Lysine modification 2

- a,B-unsaturated sulfonamide type -
* B \,
HSN NH3 j / Q 3N NH3 O O\R = Antibody
Chsa ey &
10 equw
pH 8.0 >
up to 37 °C, LB
incomplete conversion =
[
N o N | HSA Domain I
-~ e = ~ Fusion Protein
400
—~ 9 _
o
o _ /_'3" X v' rapidly modify HSA
/v\o)(\ﬂ:\‘/"*/"' v’ excellent serum stability
/\\/L\

Rhodamine-linked cyclohexene sulfonamide compound (cHx-Rho).

Barbas et al., Angew. Chem. Int. Ed. 2014, 53, 11783 -11786
15
Barbas et al., Bioconjugate Chem. 2016, 27, 2271-2275



Chemical Lysine modification 2

- a, B-unsaturated sulfonamide type -

Time-course study of trastuzumab, HSAdIC34S-LC,
and Fc-HSAdIC34S labeling with 10 equiv of cHx-Rho.

Fime (hy 0 4 L] 4 0 4 L] 4 0 4 L] M

< I B BT

— 1 1  Baso Ehe
/ . _ s . u
=77 T Site .select|V|tY
Lo [ ——— | T | | s - v Antibody conjugates were also stable
Trastuzumab HSAdIC3S LC Fe-HSAJIC348

in human plasma
HER2 for trastuzumab and fusion conjugates.

2.04

o
wn

OD (405 nm)
I
o

o
'Y

Antibody conjugation using HSAdI as a fusion protein
should be amenable to therapeutic applications.

e
o
A

E& Trastuzumab

EE HSAdIC34S-LC
4 B8 Fc-HSAdAIC34S

-
0‘9

&&

Disadvantage

v Imcomplete conversion
v’ Need large amount of reagent (10 eq)
v’ Basic condition. (pH=9.0)

Barbas et al., Angew. Chem. Int. Ed. 2014, 53, 11783 -11786
Barbas et al., Bioconjugate Chem. 2016, 27, 2271-2275 15



Chemical Lysine modification 3

- sulfotetrafluorophenyl esters -

-

Soluble
lysate

%

J

% of all labelled residues

01mM B o

SN C:

oo/

"
STP alkyne 1 ﬁ b\\x

T -;/@fON@\nZ’ Nr@—@

100

50

CDEHKNQRSTWY
Labelled residue

Heavy
N Lysine reactivity

> — High Medlum
1) Combine . 1
2) Enrich B

CuAAC > G

3) Digest = Heavy
4) LC/LC- 7 Light

»— MS/MS =

Light 0. 1 2
Reactwlty ratio, F.'

v’ broad reactivity
v’ good selectivity for lysine residues in the human proteome.

Cravatt et al., Nat. Chem., 2017, 9,
17



Chemical Lysine modification 3

- sulfotetrafluorophenyl esters -

Bl Hyper-reactive lysines per protein
BE Quantified lysines per protein

Advantage
200 - v" more stable in aqueous solution than NHS esters.

Disadvantage

v' the localization of hyper-reactive lysines to pockets could
also restrict their access to post-translational machinery,

0 - such as ubiquitylation processes

v In order to prevent overreaction it is necessary to well

No. of lysines control the equivalence of reagent and the reaction time.

100 -

No. of proteins

Cravatt et al., Nat. Chem., 2017, 9,
18



Chemical Lysine modification 4

- Stilbene- designed stilbenes that selectively and covalently modify the prominent plasma protein transthyretin

Lysi5 | Lysi5 |

M
=] XA R HN
o 0
HO O \- _— HO ."'r_""'. _\" + XRAH
A L
;"NI-H ff'l-la‘

Lys15' Lys15’|

- Amyloidosis caused by transthyretin -

» Senile systemic amyloidosis (SSA)

» Familial amyloid polyneuropathy (FAP)

Figure. Crystal structure of the WT TTR

When transthyretin becomes unstable, it becomes amyloid fiber and aggregates.

» A treatment method to stabilize transthyretin is required. Kelly et al, Nat. Chem. Siol, 2010, 6




Chemical Lysine modification 4

- Stilbene- designed stilbenes that selectively and covalently modify the prominent plasma protein transthyretin

Design of chemoselective covalent TTR kinetic stabilizers

Reduce electrostatic repulsion between lysine residues

-

Stabilization of transthyretin

Lys15”

% modification of

% fibril formation?®

Compound R ¥R’ ICcq (uh)e TTR subunits
1.2 um 3.6 uM in human blood plasmat©
L 2% (#1%)  12% (£1%) i
L @ 20 (2035 17% (2025 ° 36% (£0.4%) v' Ester or thioester group
s —>allow amino group of Lys to approach at Burgi-Dunitz angle
5 CH, b 2% (+1%)  16% (£2%) 5 g 48% (+13%)
3% (+0.2%) 34% (£0.5%)
2,0
3 cHy % D 4% (£1%) 1% (£2%) 55 49% (£0.7%)
0N 3% (£0.2%) 33% (+2%)
0
. CH, e \@\ 1% (£1%) 6% (%) o 32% (43.3%)
e 7% (£0.2%) 36% (+3%)

Most chemoselective

“Percent fibril formation of WT TTR(3.6 uM, black font)
and V30M TTR(3.6 uM, blue font)

20
-Maximum modification percent is 50%. Kelly etal, Nat. Chem. Biol,, 2010, 6



Chemical Lysine modification 4

- Stilbene- designed stilbenes that selectively and covalently modify the prominent plasma protein transthyretin

Design of chemoselective covalent TTR kinetic stabilizers
Lysi5 Lysi5s

Lys15”
- = % modification of
Compound R ¥R’ ESiRitan o e ICcq (uh)e TTR subunits
1.2 um 3.6 uM in human blood plasmat©
.5
1 B % 2% @%) 2% %) 50, 36% (£0.4%)
3% (+0.3%) 17% (H0.2%)
xS 2% (£1%)  16% (£2%)
2 CcH, 2.00 48% (+13%)
3% (H0.2%) 34% (£0.5%)
%0 A% (£1%)  21% (+2%)
3 CHy D 226 49% (£0.7%)
0N 3% (H0.2%) 33% (£2%)

L0
a CH Y % @%) 6% @1%) o 22% (43.3%)
e 7% (20.2%) 36% (£3%)

Most chemoselective

“Percent fibril formation of WT TTR(3.6 uM, black font)
and V30M TTR(3.6 uM, blue font)

*Maximum modification percent is 50%.

Relative Intensity (AU)

0.3
WT-TTR-covalently
Unmodified linked to the benzoyl
0.25 4 WT-TTR Subunit pDrﬁﬂﬂ of 1 via amide
bond formation
0.2 4 I_’ ‘_I
—— K15A-TTR + 1
0.15 4
_ ] _ WTTTR+ 1
Unmodified K15A-TTR subunit
K15A-TTR Modified by 1
0.1 4 Subunit . .o
K15A-TTR subunit modified
oos{ |, l | by 1, 2, 3 was observed.
0
A0 1R 2an 25
40.00
35.00 Unmodified
K15A-TTR Subunits
5 30.00 i
:
2 2500 Not observed
| Lo . .
E 15.00 per TTR tetramer %ngh ChemoseIeCtIVIty
£ 15004 | 4
3 1000 | l
Il
5.00 | \_“J\*_AJ_,
- L
0.00 : :
10 15 20
Time (min)

21
Kelly et al., Nat. Chem. Biol., 2010, 6



Chemical Lysine modification 4

- Stilbene- designed stilbenes that selectively and covalently modify the prominent plasma protein transthyretin

o

Transthyretin(TTR) : One of the causative proteins of amyloidosis.

Green: hydrophobic
BP Purple: polar
Blue: exposed

BP-3

Figure. Crystal structure of the WT TTR
|

v’ Bridging hydrogen bonds are formed between the 4-OH of the benzoyl substructure and the Ser117 and
Ser117’ hydroxyls from adjacent TTR monomers.

v" One Lys15 s-amine group and one Lys15’ e-ammonium group at pH 7. )
Kelly et al., Nat. Chem. Biol., 2010, 6



Chemical Lysine modification 4

- Stilbene- designed stilbenes that selectively and covalently modify the prominent plasma protein transthyretin

Transthyretin(TTR) : One of the causative proteins ofﬁamyloidosis.

HBP-1' i/ |

Advantage
v' High-selectivity(chemo-, site-)

(Even when 5 eq. of stilbene derivative were
added, other lysine residues did not react)

v Small molecule

Disadvantage

v’ Applicable range is limited to TTR

23

Kelly et al., Nat. Chem. Biol., 2010, 6



Chemical Lysine modification 5

- B-lactam- The first site-specific ADC to be generated using a natural Lys for conjugation.

ADC : useful for cancer treatment. h3sC2 Anti-HER2 h38C2

Conventional Site-Selective reaction (),

rese ST . o
v unnatural amino acid by a genetic engineering technique \\ I’
v' introduce a sequence suitable for an enzymatic reaction \ ,

(Fv),

e -
IgG1 DVD
h38C2 :(humanized anti-hapten monoclonal antibody) - ~
The DVD is composed of

* variable domains of trastuzumab (blue),
* h38C2 (green) with reactive Lys (yellow circle),
\* constant domains (gray). D

v Having a nucleophilic Lys residue (pKa="6)
in the hydrophobic pocket

It becomes a selective modified target at in physiological pH. Rader, Roush et al. Nat. Com, 2017, ., 1112

24



Chemical Lysine modification 5

- B-lactam- The first site-specific ADC to be generated using a natural Lys for conjugation.

0 o )i,w " Monomethyl auristatin F (MMAF)
H H H N . .
" NN\"JLI\I(N":’JJ\N (;]\(‘\,r ...To reduce cytotoxicity
;”(\Jg Ty NS A0
© o

Advantage
v' Mutation free
v’ React irreversibly with Lys.
—>prevent premature drug release
v' ADCs to be highly homogeneous
v’ conjugation does not eliminate any positive charges

4 0 fHlactam MMAF on the antibody
1+ S 1 —>preserve electrostatic properties of the antibody
e i Disadvantage

v The possibility that other Lys react with reagent

Whe n the reaCtiOn ti me |S Ionge r. Rader, Roush et al., Nat. Com, 2017, .8,2!15112



* Amino acid for bioconjugation

* Chemical Lysine modification
N-hydroxysuccinimide(NHS)-ester

* a, B-unsaturated sulfonamide

e Sulfotetrafluorophenyl esters

* B-lactam conjugation

 Sulfonyl acrylate (Lysine activated)

* Summary

26



Sulfonyl acrylate-mediated lysine modification

- Sulfonyl acrylate (Lysine activated) -

Hydrogen bond assisted chemo- and regioselective modification of lysine on native proteins

HS—| protein } NH; Lo = —> HS— P ;— OMe — » HS— prot }

nto37°C, 1-2h site-specific
complete conversion aza-Michael addition

- - ,/,O ......... ’
HsN  NHs MeO e 2104! ; HaN NH3
L1 g° " s O—NHz N
1 » . ein LN oM

pH 8.0

R chair-like H-bonded
transition state |

v’ Stoichiometric amount of sulfonyl acrylate reagent
v’ Proceed to completion rapidly (1~2h)

v Under mild conditions (pH=8.0, rt-37°C)

v Applicable to a range of native protein types

v The products are stable.

v" The method is compatible with Cys bioconjugation.

27
Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



pKa & reactivity of amino acids

- The reactivity of Lys and Cys residue at various pH conditions -

favored by

enhanced by  locsl sequence
labeling reagent  enwironment

observed .aza-Mpchaeq' depmtonation pH 5.5-6.0 Lysine residues are mostly protonated and unreactive.

rate Kinetics thermodynamics

Ka pH 7.5-.8.0 Lysine residues compete with cysteine as Michael donors.
Kobs = kt}'S—NHz ; (K [H"']) L : :
a = pH 8.5- The more nucleophilic thiolate of cysteine residues
Lys—NH.* Lys—;NH usually dominate
L '.'r.-c-:r.we: rassfive .
—_'

6 7 8 2 10

28
Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



Screening of Michael acceptors

- Computational screening of acrylic acid derivatives-

MeNH, ' MeNH,

\:SR: ey N
o o

35 4 1
- R
30 - K' = ester, amide
-~ R? = alkyl. sulfonyl, sulfonylmethyl
E
20 -
®
£
= 15 A
+*+
Q
<4q 10 A
5 i
0 NEPh A
Me 0= S o |
EMeO ‘b MeO | b wo’ 1 MeHN o"s‘M" : n
T 9 _nHPh : | ] 0 o' ¥ . 1 o
)H/s\ )H‘/ 7 /J\/\ 2 )\”/K ”0 WO
MeQ 5 MeO S NHMe T MeO d's‘Me Me,N osMe
- model for TAK-242 1d 1a
foo reactive/unstable or reactive, stable, poorly reactive unreactive

synthetically challenging synthetically accesible

Activation barriers (AG:) were calculated with PCM(H20)/M06-2X/6-31+G(d,p)

Sulfonylmethyl acrylate 1c was predicted to have a superior reactivity compared to its amide analogues 29
Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



Detailed analysis of transition states

- Sulfonyl acrylate (Lysine activated) -

Acrylate electrophile derivatives 1a—d used in this study and transition states
D L

P Me._ A
MeO MeO S. N 5.
; b ™ l {/ Me
o7 “Me L 0
ic 1d
193 A .
£\ . AV 210A \
k . 214A 2084
214 2.08
1a_ 75 1b_TS_ 1c_TS,,, 1d_TS_,
calc. AG* = 32.8 keal mol™" calc. AG* = 27.4 kealmol™ | cajc. AGH =17.5 keal mol{  calc. AG* = 23.1 kcal mol-
k. =1.1x10% Ke=1 k .= 1.8x10" k_.=1.4x10°

This hydrogen bond interaction between the lysine model and the sulfone lowers the energy barrier by 10-16 kcal mol-1

30
Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



Comparison between Cys & Lys

- Sulfonylmethyl acrylate (Lysine activated) -

C

— N N w
(9] (=] w o
i i I

—

AE (kcal mol™)
o

1c + MeNHz 1c—TS-ﬁa

2.2 20
distance N/S-C (A)

2.4

14

“Hydrogen-bonding
cys < Lys

“Cys ... less polar character of the S-H bond,

\

v’ The positive charge developed at the amino group of
the lysine model is efficiently dissipated by the sulfone

A means to selectively modify lysine even in the presence of free cysteine residues at near neutral pH.

31

Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



This conjugation is a two step reaction

- Sulfonylmethyl acrylate (Lysine activated) -

. 4 210A _J |
a ‘ 181 A
) 1 »1.49 A

aLH‘A‘
137A

fé 1cTS,,,
q| MenH: AT i 8
= LT #125N,  HSO,Me
0 S - ". '..'
1 A v
— s COaMe
0 )\/5' 2 Me \I/ "
Mer-N SO4he Mel “ g
1c -
1c-enoclate 1c—-elim 4.6
aza-MtchaeI addition E cB ehmmanon

— T ——— — —— S — — — )

reaction coordinate

v' Hydrogen bonding between the nucleophilic amino group and the sulfone moiety promotes

both the aza-Michael addition and the elimination of methanesulfinic acid. 32
Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



GNYWNEREWSH

- Sulfonylmethyl acrylate (Lysine activated) -

. C34,—SH
- /,
1 . “Me AN 2
‘ H
A~ NH 1c, 1 equiv : N\/N\)HfOMe
*K573 > rEat
TrisHCI (20 mM, pH 8) KorS 5
Total ion chromatogram rHSA 37°C.1h rHSA-1¢
(10 uM)
(] 4 TCF E *
100- 694 100- 56430 1 TOF M8 ES 100- 6.15_5.91 100 66537 1 ’.‘15,4-:25
6.29 4 . 2.96ez v\ :
\ LTOF MS :%. 0 e | TOFMEES 170F M5 E_Sé E 110F M3 FR-
sk HSA | | w | 8537 tHSA-1c
', Calcd. Calcd.
| 66439 Da \ 656536 Da
- 5 & P &
q-—l; "‘\’
\ \u
\ [ me U} i)
\ b 100 M0 A0 M0 1000 1430 1B ZX00
0 i "J * \':— 0 R ; 5 l oy ' 0 _J \‘— oo J.'L u‘LJ‘ ekt IA1 TP}
0 5 10 15 50000 60000 70000 80000 0 5 10 15 50000 60000 70000 80000
Time (min) Mass (Da) Time {min) Mass (Da)

A single modification was produced in >95% .

Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



rHSA (LC-MS/MS , CD)

- Sulfonylmethyl acrylate (Lysine activated) -

0 d 1
MeQ S/, #5 2

C34 y—SH
o7 “Me T 5 %
H
- NH2 ic, 1equiv ; N\/N\)-HrOMe

TrisHCI (20 mM, pH 8) ™ ksr3 5
rHSA 37°C,1h rHSA-1c
(10 M)
byz®*
LC-MS/MS analysis 100 " b by by by by by by,
40 G-K-K-L-V-A-A-S-Q-A-A-L-G-L
& &0 V12 V2
g0 miz 112,93 (+2)
g 60
‘é 50
%: 40
& 30
20 -
10 ~ big bv;_
0 Lot Biisiind I, T
200 400 600 800 1000 1200 1400
m/'z 34

gernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



Reaction with thiol specific Ellman’s reagent

- Sulfonylmethyl acrylate (Lysine activated) -

COH i 66735 I TOF MS ES+

/| 4.70ed
Ellman’s reagent ,SO'N% gﬁ;—k—EIlmaﬂ s
500 equiv s C¥p—sg
rHSA-1c 9 = ‘? > 2 86735 Da
(10 uM) NaP (20 mM, pH 8) @g |
37°C, 4 h '
: {/

H

/\/\/N\/U\Y(OMe

5 k573 0 1 e e O

(HSA-1c-Eliman's © 66000 70000 74000
Mass (Da)

Ellman’s reagent

v’ Fast o5

1,
v Full conversion /5/"“0
HO ~g
N
O

35
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Substrate scope

- Application to various type of native protein-

1eq
I
NH. 0
e H oM
MeO //s\_ »
o’ Me
1c, 1 equiv &
native protein T”SH:S; %0 ;‘1’2.th 8)

c. 10 uM

&5

e’{ b°

C2Am = ¥ L;rs.lir:zyrmi= Annexin-\

Trasb

Conversion (%) native protein—1c (pH8, 37 °C) =100

Conjugates are stable — Application to ADC is expected(Trastuzumab)

36

Regioselective lysine modification is applicable to a wide-range of native protein scaffolds.
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Relationships between pKa & reactive site

- Sulfonyl acrylate (Lysine activated) -

Theoretical calculation of the most reactive lysine residue

KK?%S Predicted site of modification: K100
=y Observed site of modification: K100

K100 10.1 observed
C95 10.3 Not observed

The selectivity of Lysine residue was observed
because of Hydrogen bond.

N Wi ¢
pKa=170-1 & s s 7g v EnTs
Lysozyme (6 Lys, no free Cys, 5 disulfides) Ji‘f
37
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脱プロトンされてる


Site-specific labeling

- The ability to precisely conjugate fluorophores and cytotoxic drugs to antibodies -

/: ““““ d“‘] FW04¥GM%ﬁ
v : ' 1 mM (100 equiv)
.r"‘J\N oM | > -
N e, TrisHCI (20 mM, pH 8)
oy TV e _ _ _ o | RT,1h
— disulfide 4
Trastuzumab-1c o= e

¢, 10 uM

Conventional antibody labeling
... relied on labeling using disulfide bonds with genetically engineered free
lysine residues or non-natural amino acids.

—>Produce heterogeneous compounds

There are possibility that affinity with the target antigen may be compromised.

This method can be applied directly to a therapeutic antibody in its native form.
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Site-specific labeling
- The ability to precisely conjugate fluorophores and cytotoxic drugs to antibodies -

““““““ ' FITC-PEG3NH,
1 mM (100 equiv)

>
OMe, TrisHCI (20 mM, pH 8)

. | RT,1h
Ye
Trastuzumab-1c o= FITC
¢, 10 uM
MW
(kDa)m 1 3 4 Flow cytometry -
) Trastizumab Trestuzumab-1¢-FITC  Trastuzumab Trastuzumsb-1e-FITC ' 100 - W HepG2 cells
‘ ocontrol concentraborn control SoMeemirabon B SKBR3 cells 3=
, i 4 > —> —» g T
. 0
- - <Heavy chain ' 3 -
P “10‘ 3 §‘ ol 4 I
p ] 3 i o
20-% &Light chain <l : e
15 2 1 :
10'- HepG2 . SKBR3
'0" lowhedcab?) {high her2io-erb 2) . 2w oy
;ﬂ o P R o i Trastuzumab-1c-FITC
= 100 100 10¢F 10F % 1w 0 0 10 W 0 10 10
FITC 39
SDS-PAGE

Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017



* Amino acid target for bioconjugation

* Chemical Lysine modification
N-hydroxysuccinimide (NHS)-ester

* a, B-unsaturated sulfonamide

e Sulfotetrafluorophenyl esters

e B-lactam

 Sulfonyl acrylate (Lysine activated)

* Summary

40



* Lysine residues are abundant and easy to taeget because of their high
reactivity.

* A general way to selectively target single Lysine is lacking.

* This method can provide a single lysine one step modification with
complete chemo- and region-selectivity.

* Direct applicability to wild-type protein sequence bode well for
routinely accessing site-selectively modified proteins for basic biology
and therapeutic applications.
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Appendix



Various types of modification

* Ligation
* Genetic Code expansion
* Ligand — directed type

* Chemical conjugation using Dha



Various types of modification

e Genetic code expansion
mRNA }

modified protein

Amber suppression

uAA
@b g
o0-aaRS o-tRNA

Loading of orthogonal tRNA by an Incorporation of the uAA by the
orthogonal tRNA synthetase ribosome for the amber codon

Quadruplet suppression

0-165 rRENA

Orthogonal engineered ribosomel
incorporates uAA for quadruplet

Current Opinion in Chemical Biology 2018, 45:35—47
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Various types of modification

* Ligand-directed type

Proximity-driven
labealling




Various types of modification

e Ligation

Mative Chemical Ligation (MCL)
HS

C -PE i

"
GEED 1  Canming)
Transthiclesterification

N to-C acyl shift

o 1 o
e Y MMMW_ANL([_W e G
H g H
HS X
; C-tarmi
MCL i
Expressed Protein Ligation (EPL) )ﬁ(_ Subtiigase | HN" 7 (i)
M-ta-C
acyl shift x@ ':'
RSH-as-a-lsl.‘Ed

Intein cleavage

SH
Ultrafast Trans-splicing Ligation

= ’(r. -\)Y{_m.@ 2- e (@

Chem. Rev. 2018, 118, 6656—6705
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Various types of modification

e Chemical conjugation using Dha

1.Bis-alkylation-efimination of cysteine to dehyroalanine (Dha)

/T \w T B L
T~ RS \-R 7~ R 7 7
* = — Lt —
Br_ + 2
o DBHDA: R'=A"=CONH, 0 - DZC, R 2
MDBP:R'=COOCH,; R*=H Re
(14) - {15) a B (16) - Dha (17)
2. Addition to dehydroalanine
o, i T ] e
HN __--—-.‘J', HM R _ HM r Bloorthogonal
AT Vo R . \ Quenching . ¥, CopsCopglradical)
O O O C,.5S(thia-Michael)
* NaBH, NH,OAc X =] bond formation
T In (D) or Zn (0] ; X= L _
Dha (17) R =aliphafic side chain (18) (19)

Examples of reagents used for chemical mutagenesis on histones:

NH o Q OH
| I'!-.I”"' |~ ,-J'L. T - Br..__P-oH HO o
W_l_"h. M N S '\‘GH b HO L)

H | OH L OH . H-ﬂ""“k| Chemical Biology, 2018, 45:35—47

(20) (21 (22) (23) (24) 4



Chemical Lysine modification 4

- Stilbene- designed stilbenes that selectively and covalently modify the prominent plasma protein transthyretin

oh
HO N ‘ v Noncovalent TTR kinetic stabilizers
‘ v' It is known to prevent amyloid formation—

associated cytotoxicity, whereas structurally
related compounds with poor TTR binding

OH
capacity do not inhibit cytotoxicity

Resveratrol

A /
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Chemical Lysine modification 6

- Sulfonyl acrylate (Lysine activated) -

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

\®

1c {conf 1)

POl 1¢ (conf 1)
. = 0.0 kecal mol-

AG = +0.3 kcal mol’

1C-TS 44 (cOnf II)
AGT = +17.7 keal mol!

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

1c (conf 111
AG = +0.8 keal mol”

4

1c (conf IV)
4G = +0.6 kcal mol

212A% 2.12A-

)" 2.12A

212 A

1C-TS,4 (conf 1II)
AG? = +18.9 kcal mol!

1c-TS_, (con’ IV)
AGT = +18.9 keal mol™!
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Chemical Lysine modification 6

Optimisation of reaction conditions between rHSA and 1c with respect to pH, buffer and time

Reaction conditions

Buffer

Tris HCI 20

mM

NaPi 50 mM

pH

6.0
7.0
8.0
9.0

8.0

Conversion (%) rHSA-1c (10 uM, 37 °C)

Time (h)

Y2 1 2 3 4
30 30 30

30 40 40

80 100 100 100 100
37 42 55

40 50 65 70 95

100+

conversion (%)
g

1/2 hour
1 hour
2 hours
3 hours
4 hours
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Chemical Lysine modification 3

Target protein: Lysozyme
Production run: 40 ns
Protonation state change attempted every 5 simulation steps

PH 5.0 6.0 T.0 B.0O 9.0 10.0 11.0 12.0 13.0 14.0
LYs1l3 .29995593 .959947 | 0.597636 952302 | 0.945720 | 0.3983¢7 | 0.1885%%¢ | 0.01Z21&2 001551 000046
LYsS33 959820 959562 | 0.597475 945310 | 0.775744 | 0.2082%4 (| 0.032031 | 0.004438 000303 000018
LYS96 .959988 . 959846 | 0.598788 .950135 | 0.%00357 | 0.547084 | 0.0591e2 | 0.011172 001762 000174
LYsS97 . 259571 959822 | 0.5%7938 .278243 | 0.%00403 | 0.554335 | 0.051%12 | 0.01142¢ .001459%5 000052
LY5116 . 959593536 9599961 | 0.59%89c62 .986439 | 0.898668 | 0.542344 | 0.079672 | 0.010&80 000642 000143

Protonated fraction (1 —T1g)

for each residue as a function of the pH

Bernardes et al., . Am. Chem. Soc. 2018, 740, 4004—4017
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