Journal Pre-proof %

Bis(vinylsulfonyl)piperazines as efficient linkers for highly homogeneous antibody-
drug conjugates

Rong Huang, Yao Sheng, Ding Wei, Jianghui Yu, Hongli Chen, Biao Jiang /,
PII: S0223-5234(20)30047-7
DOI: https://doi.org/10.1016/j.ejmech.2020.112080

Reference: EJMECH 112080

To appearin:  European Journal of Medicinal Chemistry

Received Date: 18 December 2019
Revised Date: 16 January 2020
Accepted Date: 17 January 2020

Please cite this article as: R. Huang, Y. Sheng, D. Wei, J. Yu, H. Chen, B. Jiang,
Bis(vinylsulfonyl)piperazines as efficient linkers for highly homogeneous antibody-drug conjugates,
European Journal of Medicinal Chemistry (2020), doi: https://doi.org/10.1016/j.ejmech.2020.112080.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Masson SAS.


https://doi.org/10.1016/j.ejmech.2020.112080
https://doi.org/10.1016/j.ejmech.2020.112080

1) reduction
7750,
) X ¢
== 2N
s [

Trastuzumab

‘5; S-S
% J===

128

¢

Selective conjugation of the
disulfides at Fab regions;

DAR=2;

Highly homogeneous ADCs;

High potency and antigen-selectivity.



Bis(vinylsulfonyl)piperazines as efficient linkersfor

highly homogeneous antibody-drug conjugates

Rong Huang ®* Yao Shend * Ding Wei® ®. Jianghui Y& ©, Hongli Cherf* * & Biao Jiandg" "

#Shanghai Institute for Advanced Immunochemical Studies, Shanghai Tech University, 393 Middle Huaxia Road, Pudong,
Shanghai, 201210, China

® University of Chinese Academy of Sciences, 19A Yuquan Road, Shijingshan District, Beijing, 100049, China

* Corresponding author. E-mail addresses: jiangbiao@shanghaitech.edu.cn (B. Jiang), chenhl@shanghaitech.edu.cn
(H.L. chen).

! These authors contributed equally to thiswork.

Abstract

Disulfide re-bridging strategy has demonstratechifigant advantages in the construction of
homogeneous antibody drug conjugates (ADCs). Howevmajor issue that disulfide scrambling
at the hinge region of antibody leads to the foromabf “half-antibody” has appeared for many
re-bridging linkers. We present bis(vinylsulfonyperazines (BVP) as efficient linkers to
selectively re-bridge disulfides at the antigendiilg fragment (Fab) regions and produce highly
homogeneous conjugates with a loading of two dwigsout disulfide scrambling. We also found
that optically active §-configuration linkers led to more sufficient cagation compared with
(R)-configuration. The BVP-linked ADCs demonstrategberior efficacy and antigen-selectivity
in vitro cytotoxicity.

Keywords: bis(vinylsulfonyl)piperazines, disulfides re-bridg, antibody drug conjugates, high

homogeneity, DAR of two

1 Introduction

Antibody-drug conjugates (ADCSs) are targeted theutips that combine an antibody with highly
potent drugs by chemical linkers. To date, severCAQAdcetris, Kadcyla, Besponsa, Mylotarg,
Polivy, Padcev and Enhertu) have been approveddocer indications and more than 80 ADCs
are under clinic trial§? Pre-clinical and clinical data suggest that AD€isting as heterogeneous

mixtures strongly influence their pharmacokinetarsd efficacy. Therefore, efforts have been

made for the development of conjugation methodditeato homogeneous ADCE. Disulfide



bridging that allows insertion of payloads to intbain disulfide bonds of native antibody has
emerged as an attractive strategy for the generatichomogeneous ADCs. This approach has
shown distinct advantages, including ADCs with higimogeneity, a controlled drug to antibody
ratio (DAR), no need of antibody engineering, aegahconjugation method for native antibody
and retained covalent linkage between light andyehains. Bissulfones have been developed as
the first class of reagents to cross-link two dysteesidues and construct defined ADGSThe
resulting ADCs demonstrated high stability and regative impact on biophysical profile
compared to the native antibody. Subsequently, tiutesl maleimide$™® and
pyridazinedione$® have been reported as efficient disulfide bridgitigkers. Recently,
alternatively novel reagents, including 1,3-dichlcetoné® arylenedipropionitrilé’ thiol-yne
coupling reagent® 3,3-bis(bromomethyl) oxetaf®,  hexafluorobenzen®,
1,3,5-tris(bromomethyl)benzetteand divinylpyrimidiné” have been developed. These reagents
have clearly demonstrated the advantages to thetraotion of homogeneous ADCs. However,
potential disulfide scrambling that disulfide rastd cross-link in a non-native fashion has also
been observed. Especially for the disulfides athihge region, where the two disulfides are close
to each other, the released cysteine residues thendisulfides tend to cross-link on the same
heavy chain rather than inter-chain fashion, resylin the production of “half antibody”, thus
forming a mixture of antibody conjugates (Figurd. & " 3> 3|t is difficult to rule out this
incorrect conjugate by optimization of reaction ditions>* A “2-in-1" method that incorporated

a reduction and a bridging functionalities intaragée reagent has been developed to minimize the
scrambling product: New reagents are required for the constructiorhighly homogeneous
ADCs without disulfide scrambling products.

Since the incorrect cross-linking conjugate produéem the hinge region of antibody, we
hypothesized that selective insertion of drugs ftbenFab regions using the strategy of disulfides
re-bridging, while the disulfides in the hinge mgiremained unchanged, highly homogeneous
ADCs could be obtained containing two drugs peibadty.

Although an ADC with DAR of four has demonstratedafford good therapeutic indéka drug
loading of two has also presented opportunitiegHerformation of ADCs with a good efficiency
and an improved therapeutic winddWw>® To date, this has been addressed with the use of

antibody engineering that cysteine residues (THI@fAor unnatural amino acitfsare inserted



on an antibody for site-specific conjugation tooedf a conjugate with a loading of two payloads.
Engineered approach is complex and costly. Regethty method that two pairs of the four
disulfides on an antibody was “tied-up” has beegyoreed to allow the formation of DAR 2 ADCs
without antibody engineerirfg. There is a requirement for more accessible aridbtel methods
to synthesize ADCs with a loading of two drugstatgrfrom a native antibody.

Our group have been interested in the developmienew types of vinyl sulfones for reaction
with peptides and proteiris*® Recently, we have reported that divinylsulfonamicee able to
achieve site-specific disulfide stapling for peps® However, application of these reagents to
modify complex biomolecules has not been explokégtein, we describe our development of a
novel bis(vinylsulfonyl)piperazine (BVP) linker gpfarm for selective conjugation of disulfide at
the Fab regions and the construction of highly hgemeous ADCs with DAR of two (Figure 1b).

The resulting ADCs demonstrate superior efficacyg aeduced toxicity compared to the FDA

approved drug, Trastuzumab EmtagiidM1).

a Previous work b This work

\\ﬂfd//

ADCs with DAR=4 Disulfide scrambling Highly liomOgenf)us
product: half-antibody ADCs with DAR=2

Figure 1  (a) Previous work: the formation of mixture amggtes, (b) This work: highly

homogeneous ADCs.

2 Results and discussion

We began our study with the preparation of BVP diskand identification their potential for
cysteine selective re-bridging. BVP linkers, whmintain an alkyne functionality for attachment
of drugs were synthesized by the route outlined soheme 1. Initially, racemic
piperazine-2-carboxylic acid dihydrochlorid#) (was protected with thrt-butyl dicarbonate to

provide the bis-carbamate intermediatevhich coupled with propargylamine to afford corapd



3. Then this species was deprotected and reactbd2wihloroethane-1-sulfonyl chloride resulted
in the formation of the target link&r(Scheme 1). Optically activérl- and §- linkers 6R, 59
were also prepared starting from the correspondR)g or (§-piperazine-2-carboxylic acid

dihydrochloride {Sor 1R) in the same way.
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Scheme 1 Synthesis of bis(vinylsulfonyl)piperazine linkéBVP) 5, 5R and5S
We next investigated the reactivity and selectiwityBVP linkers to react with a peptide, oxytocin
(Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-N§), which contains a disulfide bond between the'Cys
and Cy$. Treatment of oxytocin at pH 7.4 with 1.5 equiwttig(2-carboxyethyl)phosphine (TCEP)
followed by 2.0 equiv of the linkeb(or 5S or 5R) led to conversion to the bridged oxyto&iror
6S or ©6R). Further reaction of these conjugates with Ellimanreagent
(5,5-Dithiobis(2-nitrobenzoic acid) resulted in no réa, demonstrating that all the cysteine
residues were consumed (Scheme 2). No reactiorrredcwhen oxytocin reacted with the linker
directly. These results showed that BVP linkeremeffl the capability to selectively re-bridge

disulfide bonds under physiological conditions.
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Scheme 2 Reaction of oxytocin with BVP linkers.

Then the BVP linker®, 5R, 5S reacted with an azide-functionalized Monomethylistatin E
(azide-MMAE, 9), which was produced from the condensation reacfdMMAE (7) and an acid

8 via click chemistry, respectively to afford BVP-MMABmpoundslO, 10R and10S(Figure 2a).
These compounds were applied to modification ofggh antibody trastuzumab, which targets
HER2 receptor and is an FDA approved drug to tleatst cancer. After the antibody was
reduced with 5 equiv of TCEP to release free thiblsor 10R or 10Swas added to bridge the
cysteine residues. To our delight, DAR 2 ADQ4§,or 11R or 11Swas produced as the major
product, which were confirmed by LC-MS (Figure Bupporting Information Figure S1). What
is more,10S led to complete conjugation, while a small amoofhantibody remains unchanged
after conjugation witi0 or 10R under the same reaction conditions. The conjuddieklR and
11S were further analyzed by sodium dodecyl sulfatérgmoylamide gel electrophoresis
(SDS-PAGE). The results showed that correctly lmilgantibodies were formed and “half
antibody” was not found (Figure 2c). The formatioh “half antibody” is a recurring issue
appeared with many reported re-bridging linkerze&ixclusion chromatography (SEC) data

showed that no obvious aggregation was detectetthdoronjugate$l, 11R and11S(Figure 2d).
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Figure 2 BVP-linked ADCs11, 11R and11S (a) The scheme for the synthesislaf 11R and
115 (b) MS analysis of conjugatdd, 11R and11S (c) Analysis of conjugate$l, 11R and11S

by SDS-PAGE; lane 1 for trastuzumab; lane 2 fouced trastuzumab; lane 3 fbt, lane 4 for
11R, lane 5 forllS (MW:molecular weight marker); (d) SEC-HPLC anadysi trastuzumalil,
11R and11S

To further investigate which disulfides were bridgeéhe conjugatedl, 11R and 11S were
digested by papain, which can cleave an antibotty two Fab fragments and one crystalline
fragment (Fc). Consistent with the previous repothe papain digestion of trastuzumab cleaved
at two sites and generated two types of fragmeorts-&b.11, 11R and11Swerealso digested

under the same condition for trastuzumab. The LCdy&ctra showed that the mass difference



between the Fab ions of conjugates and trastuzuwed equivalent to the mass of one
BVP-MMAE compound 11, 11R and11§ (Figure 3). Based on the previous results thaRDA
ADCs were formed, this finding indicates the BVRkkrs selectively re-bridged the disulfides at
the Fab regions.

a Papain
Cleavage

N
“ N ¥

11, 11R, 118 Fab Fragments Fc Fragment
b Trastuzumab 1 1R 118

Fab1
4726

48547.38

Fab2 DAR 1 DAR 1 DAR 1

Figure 3 Papain digestion of trastuzumab and the conjsditel1R and11S. (a) Digestion
conditions: papain (250 g/mL of gel), EDTA, Cys*HQ@D0 h, 37 °C, (b) MS spectra for the Fab
fragments ofrastuzumab, 11, 11R and11S.

To evaluate the stability of BVP conjugates, fllsment (fluorescein isothiocyanate, FITC) BVP
linkers (L2R, 129 and their antibody conjugatek3R and 13S were prepared (Supporting
Information Scheme S1 and Scheme S2). The in-getdscence and coomassie staining revealed
that the conjugates maintained complete resili¢nckgradation when it was incubated in human
plasma at 37 °C for 7 days. Whé&B8R and 13S was incubated with 100 equiv of glutathione
(GSH), a natural thiol nucleophile at 37 °C, thekchange did not occurred because the
fluorescence intensity remained without obviousrfgd Supporting Information Figure S2 and
Figure S3). These results demonstrated that BVkelgnhhave the capacity to generate highly
stable bioconjugates.

We next evaluated the affinity and internalizatiminthe ADCs by ELISA and flow cytometry
analysis. The conjugate$l( 11R and 119 were found to have retained binding affinity, ki
was comparable to trastuzumab in both HER2-pos{$-BR-3) and HER2-negative (MCF7)
breast cancer cell lines (Supporting InformatioguFé S4). Dose-response experiments also
showed that BVP linkers had a minimal impact orepgéor binding (Figure 4). Flow cytometry

was used to monitor internalization of the ADCSIK-BR-3 cells. The results demonstrated that



all the ADCs had been internalized as efficienfiyitee native antibody (Figure 5).
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Figure 4 Binding affinity of ADCs and trastuzumab in SK-BRcell via ELISA.
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Figure 5

Internalization of ADCs and trastuzumab in SK-BRell. At the concentration of 100

nmol/L, the percentage of internalization of (astuzumab, (b}11, (c) 11R and (d)11S were

32.8%, 34.4%, 32.2% and 35.6% for 3 h, respectively

The in vitro potency of the conjugatesl, 11R and 11S were examined using the

HER2-overexpressing cell lines SK-BR-3 and NCI-N&7well as the antigen-negative cell lines

(MCF7, MDA-MB-231, MDA-MB-468) as controls (Figu& Table 1). The ADCs were found to

be slightly more potent than T-DM1, which is an apped ADC against the HER2-positive cell

lines. Whilst, in the antigen negative cell linddA-MB-231, MDA-MB-468), the conjugates



were less active compared to T-DM1, although altheim demonstrated significantly decreased
activities. In contrast to the selective cytotowiobbserved with the conjugates and T-DM1, the
free drug MMAE was found to be highly potent andstuzumab did not cause obvious
cytotoxicity in both HER2-positive and HER2-negatieell lines. These results demonstrated that

the conjugates were somewhat have a wider therapeintdow than T-DM1.
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Figure 6 Cytotoxicity of ADCs on different tumor cells ilcling (a) SK-BR-3, (b) NCI-N87, (c)
MCF7, (d) MDA-MB-468 and (e) MDA-MB-231.

Table 1 ICsgvalues (nmol/L) of ADCs on different tumor cel\a{ue = Mean = SD, n = 3)

Trastuzum
Cell lines 11 11R 11S T-DM1 MMAE
ab
1.3 +
SK-BR-3 1.2+0.1 09+04 1.5+0.3 04+01 > 500
0.2
1.8 +
NCI-N87 1.9+0.6 1.8+0.5 1.9+0.1 2.0+0.1 > 500
0.3
346 +
MCF7 75.2+20.4 31.9+3.2 59.2 +10.2 1.5+0.1 > 500
15.2
MDA-MB-2
> 500 > 500 > 500 51.5+15.7 7.7+x14 > 500

31



MDA-MB-4 65.7 =
77.7+0.2 85.7+6.0 37.7+8.0 0.4+£0.01 >500
68 3.03

3 Conclusions

Disulfide re-bridging strategy has demonstratechifigant advantages in the construction of
homogeneous ADCs. However, a major issue thatftisuscrambling leads to the formation of
“half-antibody” has appeared for many re-bridgimgkérs. We present novel BVP linkers to
selectively re-bridge disulfides at the Fab regiand construct DAR two ADCs without disulfide
scrambling. A drug loading of two is preferable Fydrophobic payloads to balance the efficacy
and pharmacokinetic profile, such as the PDB-ba&d26s*> *° Although genetic engineering of
antibodies, such as THIOMABs has worked well tmaffADCs with DAR of two, the strategy
with BVP linkers is based on native antibody mamifion and it is more cost-effective and
accessible. Conjugation of MMAE to trastuzumab ggime BVP linkers was shown to generate
effective ADCs. The conjugates retained the recegdtmity and efficiency of internalization. The
ADCs also demonstrated their potency and antiglttdty in vitro cytotoxicity and they were
found to somewhat have a wider therapeutic windomgared with T-DM1. We believe BVP
linkers will facilitate the construction of stabéend highly homogeneous ADCs with two drug
loadings that does not rely on antibody engineerlhgs expected that this strategy may find

application in other antibody conjugates for thgrapd diagnosis.

4 Experimental

4.1 General Procedures

All chemical reagents were of analytical gradeaoted from commercial sources and used as
supplied without further purification unless indied.

Oxytocin (Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-Ni which contains a disulfide bond between
the Cys and Cy& was purchased from Gill Biochemical (Shanghai), Ctl.

Trastuzumab was purchased from Shanghai huanyaechimlogy Co., Ltd. without further

purification.



NMR spectra were recorded on a Bruker-500 (500 Midg)rument. The deuterated solvents
employed were purchased from Energy Chemical. Ctedrahifts were given in ppm with respect
to referenced solvent peaks. Spectra were analyitbdMestReNova.

High-resolution mass spectra (HRMS-ESI) were oleighion an ABsciex 4600 instrument.

HPLC was performed using SHIMADZU LC-30AD. Mobiléhgses are: 0.5% @EOOH on
water (solvent A) and acetonitrile (solvent B)ethod: LC conditions: Agela Technologies C18
column; 2.1X100 mm, 3 um, column temperature: 30XG 254 nm, gradient: 0-10 minutes
10-100% B, 10-12 minutes 100% B, flow rate: 0.4 fmiin.

Optical rotations were measured on an Autopol \dri& #91010 Manufactured by Rudolph
Research Analytical, Hackettstown, NJ, USA at tididated temperature with a sodium lamp (D
line, 589 nm).

LC-MS was performed using ABsciex 4600. Mobile @sare: 0.1% HCOOH on water (solvent
A) and acetonitrile (solvent B). LC conditions: Agdechnologies C18 column: 2.1X100 mm, 3
pm, column temperature: 30 °C= 254 nm, gradient: 0-3 minutes 5-100% B, 3-3.6utés 100%
B, 3.51-5 minutes 5% B, flow rate: 0.4 mL /min.

Protein LC-MS was performed on ABsciex 4600. Molpleases are: 0.1% HCOOH on water
(solvent A) and acetonitrile (solvent B). LC coimlits: GL Sciences C4 column: 2.1X150 mm, 5
pm, column temperature: 70 °€,= 254 nm. The gradient was programmed as folldw2:5
minutes 15% B, 2.5-5 minutes 15-95% B, 5-6.5 miali% B, 6.51-8.0 minutes 5% B. The
electrospray source was operated with a capillaftage of 2.0 kV and a cone voltage of 40 V.
Nitrogen was used as the desolvation gas at aftotalof 850 L/h. Trastuzumab samples were
deglycosylated with Endo S prior to LC-MS analysis.

Size-exclusion chromatography (SEC) was performs&dguAgilent technologies 1260 Infinity.
Mobile phase is Phosphate Buffered Saline (PBSA@h). LC conditions: TSKgel G3000SWXL
column; 7.8X300 mm, 5 um, column temperature: 400°€ 280 nm, gradient: 0-20 minutes 100%
PBS (pH 7.4), flow rate: 1 mL /min.

4.2 General procedure of Syntheses

1,4-bistert-butoxycarbonyl)piperazine-2-carboxylic acid (2).Racemic 2-piperazinecarboxylic
acid dihydrochlorideX) (0.78 g, 6 mmol) was dissolved in agueous sodiydroxide (0.96 g, 40

mmol) solution. Then a solution of di-tert-butytdrbonate (3.9 g, 17.9 mmol) in dioxane (25 mL)



was added slowly. The reaction mixture was stioeernight at room temperature. Subsequently,
1 M hydrochloric acid was added to the reactionesysto adjust the pH of the reaction solution to
about 4. It was extracted with ethyl acetate (3rf20, and the organic phase was combined and
dried over anhydrous sodium sulfate. The mixture w@ncentrated under vacuum to afford 0.88
g (2.67 mmol, 45% yield} as a white solid and used directly in the nexttiea. *H NMR (500
MHz, DMSO-d6)3 12.73 (s, 1H), 4.43 (m, 1H), 4.32 (m, 1H), 3.83 @H), 3.66 (m, 1H), 3.05
(m, 2H), 2.78 (m, 1H), 1.38 (s, 18HFC NMR (126 MHz, DMSO-d6p 171.71, 171.53, 154.91,
154.68, 79.63, 79.45, 79.18, 54.39, 53.07, 27.83|-HRMS Calculated for GH>7N,Os
[M+H]*:331.1869, Found:331.1872.

di-tert-butyl 2-(prop-2-yn-1-ylcarbamoyl)piperazine-1,4-dcarboxylate 3).
1,4-bistert-butoxycarbonyl)piperazine-2-carboxylic ac) (0.4 g, 1.21 mmol), 2-propynylamine
(0.1 g, 1.8 mmol), [dimethylamino(triazolo[4,5-b}din-3-yloxy)methylidene]-dimethylazanium
(0.684 g, 1.8 mmol) and N,N-diisopropylethylamin®707 g, 5.4 mmol) were dissolved in
N,N-dimethylformamide (5 mL). The reaction mixtusas stirred at room temperature overnight
followed that water (100 mL) and ethyl acetate (3xil.) were added to extract the product. The
combined organic extracts were washed sequeniidtiy saturated NaHC£X20 mL), NH,CI (20
mL) and brine (20 mL) and dried over anhydrous,;3@. The solvent was removed under
vacuum and the residue was purified by column chtography to afford 0.38 g (1.03 mmol, 85%
yield) 3 as a colorless oitH NMR (500 MHz, DMSO-d6)§ 8.44 (s, 1H), 4.25 (m, 2H), 3.73 (m,
4H), 3.32 (m, 1H), 3.28 — 3.04 (m, 2H), 2.83 (m,)1#.36 (s, 18H)*C NMR (126 MHz,
DMSO-d6) § 169.91, 169.44, 154.70, 153.39, 80.87, 79.33,6/8/3.24, 72.90, 54.99, 53.24,
28.05, 27.93. ESI-HRMS Calculated fofg830Ns0s [M+H] *:368.2185, Found:368.2172.
N-(prop-2-yn-1-yl)piperazine-2-carboxamide (4). Di-tert-butyl
2-(prop-2-yn-1-ylcarbamoyl)piperazine-1,4-dicarblaxg (3) (0.38 g, 1.03 mmol) was dissolved
in DCM (4 mL). The solution was cooled to 0 °C wite-bath followed by trifluoroacetic acid
(1.5 mL) was added, and then the reaction mixtuas stirred for 6 hour under ice-bath. The
mixture was concentrated under vacuum to affor@Dg (1.05 mmol, 98% yield} as a yellow

oil and used directly in the next reaction. ESI-HRalculated for g4;,N;0 [M+H]":168.1137,
Found:168.1135.

N-(prop-2-yn-1-yl)-1,4-bis(vinylsulfonyl)piperazine2-carboxamide (5).A stirred solution of



N-(prop-2-yn-1-yl)piperazine-2-carboxamid® (0.282 g, 1.05 mmol) and triethylamine (0.808 g,

8 mmol) in DCM (12 mL) was cooled to 0 °C with ibath and 2-chloroethanesplfonyl chloride
(0.652 g, 4.0 mmol) was then injected slowly. The reactioxtore was stirred at 0 °C for 20

minute, and water (30 mL) was added. The produ edracted with DCM (3x20 mL). The
combined organic extracts were washed with brifieni) and dried over anhydrous J$0,.
The solvent was removed under vacuum and the mesidig purified by column chromatography
on a gradient form light petroleum to 50% ethyltate in light petroleum to afford 222.34 mg
(0.64 mmol, 64% yield) 5 as a slightly yellow sofitf NMR (500 MHz, DMSO€g) & 8.54 (t,J =

5.5 Hz, 1H), 6.76 (ddd] = 19.0, 16.5, 9.9 Hz, 2H), 6.25 — 6.02 (m, 4H394(m, 1H), 4.00 — 3.82
(m, 3H), 3.60 — 3.53 (m, 1H), 3.52 — 3.41 (m, 2BIL5 (t,J = 2.5 Hz, 1H), 2.92 (ddl = 12.6, 4.3
Hz, 1H), 2.68 (td,J = 11.9, 11.4, 3.8 Hz, 1H}°C NMR (126 MHz, DMSO-d6p 168.22, 136.09,
133.21, 130.17, 128.10, 81.16, 73.76, 54.79, 448®5, 42.26, 28.76. ESI-HRMS Calculated
for C1oH1gN30sS, [(M+H)*]: 348.0688, found:348.0683.
(R)-1,4-bistert-butoxycarbonyl)piperazine-2-carboxylic acid (2R).(R)-2-piperazinecarboxylic
acid dihydrochlorideXR) (2.0 g, 10 mmol) was dissolved in agueous sodiydndxide (1.6 g, 40
mmol) solution. Then a solution of thrt-butyl dicarbonate (4.4 g, 20.2 mmol) in dioxang (aL)
was added slowly. The reaction mixture was stioegrnight at room temperature. Subsequently,
1 M hydrochloric acid was added to the reactionesysto adjust the pH of the reaction solution to
about 4. It was extracted with ethyl acetate (3##20, and the organic phase was combined and
dried over anhydrous sodium sulfate. The mixturs e@ncentrated under vacuum to afford 2.5 g
(7.5 mmol, 77% yieldPR as a white solid and used directly in the nexttiea. ‘H NMR (500
MHz, DMSO-d6)3 12.73 (s, 1H), 4.43 (m, 1H), 4.32 (m, 1H), 3.83 (), 3.66 (m, 1H), 3.05
(m, 2H), 2.78 (m, 1H), 1.38 (s, 18HC NMR (126 MHz, DMSO-d6p 171.71, 171.53, 154.93,
154.69, 79.63, 79.46, 79.18, 54.41, 53.09, 27.88l-HRMS Calculated for H»;N,Og
[M+H] ":331.1869, Found:331.1872.

(R)-di-tert-butyl 2-(prop-2-yn-1-ylcarbamoyl)piperazine-1,4-dcarboxylate (3R).
(R)-1,4-bis(tert-butoxycarbonyl)piperazine-2-carbagyl acid @R) (1.3 g, 3.9 mmol),
2-propynylamine (0.44 g, 7.8 mmol),

[dimethylamino(triazolo[4,5-b]pyridin-3-yloxy)methigene]-dimethylazanium (2.28 g, 6.0 mmol)



and N,N-diisopropylethylamine (2.555 g, 19.5 mmaére dissolved in N,N-dimethylformamide
(10 mL). The reaction mixture was stirred at ro@mperature overnight followed that water (100
mL) and ethyl acetate (3x20 mL) were added to ektthe product. The combined organic
extracts were washed sequentially with saturatdd@2; (20 mL), NH,CI (20 mL) and brine (20
mL) and dried over anhydrous pBD,. The solvent was removed under vacuum and thduesi
was purified by column chromatography to afford ¢.¢8.8 mmol, 95% yield3R as a colorless
oil. *H NMR (500 MHz, DMSO-d6) 8.41 (s, 1H), 4.26 (m, 2H), 3.74 (m, 4H), 3.33 (thi),
3.26 — 2.93 (M, 2H), 2.81 (m, 1H), 1.36 (s, 18HE NMR (126 MHz, DMSO-d6)p 169.89,
169.41, 154.69, 153.39, 80.70, 79.31, 78.91, 73R&K4, 55.00, 53.38, 28.08, 27.90. ESI-HRMS
Calculated for GHsoNzOs [M+H]*:368.2185, Found:368.2172.
(R)-N-(prop-2-yn-1-yl)piperazine-2-carboxamide (4R).
(R)-di-tert-butyl-2-(prop-2-yn-1-ylcarbamoyl)piperazine-1,4diboxylate §R) (1.4 g, 3.8 mmol)
was dissolved in DCM (5 mL). The solution was cdol® 0°C with ice-bath followed by
trifluoroacetic acid (1.5 mL) was added, and tHenreaction mixture was stirred for 6 hour under
ice-bath. The mixture was concentrated under vadauaiford 0.6 g (3.57 mmol, 94% yieldR

as a yellow oil and used directly in the next react ESI-HRMS Calculated for g814N30
[M+H]":168.1137, Found:168.1135.
(R)-N-(prop-2-yn-1-yl)-1,4-bis(vinylsulfonyl)piperazine2-carboxamide  (5R). A  stirred
solution of R)-N-(prop-2-yn-1-yl)piperazine-2-carboxamidelR) (0.6 g, 3.57 mmol) and

triethylamine (3.03 g, 30 mmol) in DCM (12 mL) wasoled to 0 °C with ice-bath and
2-chloroethanespifonyl chloride (1.745, d0.71 mmol) was then injected slowly. The reaction

mixture was stirred at 0 °C for 20 minute, and wd®&0 mL) was added. The product was
extracted with DCM (3%20 mL). The combined orgaeiktracts were washed with brine (10 mL)
and dried over anhydrous pBOy. The solvent was removed under vacuum and thduesvas
purified by column chromatography on a gradientrfdight petroleum to 50% ethyl acetate in
light petroleum to afford 916 mg (2.64 mmol, 74%lgl) 5R as a slightly yellow solid"H NMR
(500 MHz, DMSO€) 6 8.54 (t,J = 5.5 Hz, 1H), 6.76 (ddd] = 19.1, 16.5, 9.9 Hz, 2H), 6.22 —
6.03 (m, 4H), 4.43 — 4.35 (m, 1H), 3.98 — 3.82 8M), 3.59 — 3.52 (m, 1H), 3.52 — 3.42 (m, 2H),

3.15 (t,J = 2.5 Hz, 1H), 2.92 (dd] = 12.6, 4.3 Hz, 1H), 2.68 (td,= 11.9, 11.4, 3.7 Hz, 1H}’C



NMR (126 MHz, DMSO-d6p 167.74, 135.61, 132.73, 129.69, 127.62, 80.6828/%4.31, 47.02,
44.37, 41.78, 28.28. ESI-HRMS Calculated foriHGgN:OsS, [(M+H)']: 348.0688,
found:348.0683.d]p*° = - 5.2 € 2.5, CHOH)
(9)-1,4-bistert-butoxycarbonyl)piperazine-2-carboxylic acid (2S).(S-2-piperazinecarboxylic
acid dihydrochlorideXS) (1.0 g, 5 mmol) was dissolved in aqueous sodiudrdxide (0.7 g, 20
mmol) solution. Then a solution of thrt-butyl dicarbonate (2.2 g, 10 mmol) in dioxane (dD)
was added slowly. The reaction mixture was stioeernight at room temperature. Subsequently,
1 M hydrochloric acid was added to the reactionesygto adjust the pH of the reaction solution to
about 4. It was extracted with ethyl acetate (3rf20, and the organic phase was combined and
dried over anhydrous sodium sulfate. The mixture w@ncentrated under vacuum to afford 1.15
g (3.5 mmol, 70% yieldPS as a white solid and used directly in the nexttiea. *H NMR (500
MHz, DMSO-d6)3 12.86 (s, 1H), 4.43 (m, 1H), 4.32 (m, 1H), 3.83 @), 3.66 (m, 1H), 3.05
(m, 2H), 2.79 (m, 1H), 1.39 (s, 18HFC NMR (126 MHz, DMSO-d6p 171.71, 171.53, 154.91,
154.67, 79.64, 79.46, 79.18, 54.37, 53.06, 27.88|-HRMS Calculated for GH>7N,Os
[M+H]*:331.1869, Found:331.1872.

(9)-di-tert-butyl 2-(prop-2-yn-1-ylcarbamoyl)piperazine-1,4-dcarboxylate (3S).
(9-1,4-bis(tert-butoxycarbonyl)piperazine-2-carbagyl acid @S (1.15 g, 3.5 mmol),
2-propynylamine (0.578 g, 10.5 mmol),
[dimethylamino(triazolo[4,5-b]pyridin-3-yloxy)metligene]-dimethylazanium (1.9 g, 5.0 mmol)
and N,N-diisopropylethylamine (2.2 g, 17 mmol) welissolved in N,N-dimethylformamide (12
mL). The reaction mixture was stirred at room terapge overnight followed that water (100 mL)
and ethyl acetate (3x20 mL) were added to exttatproduct. The combined organic extracts
were washed sequentially with saturated NaBICZD mL), NH,Cl (20 mL) and brine (20 mL)
and dried over anhydrous p&O,. The solvent was removed under vacuum and thduesvas
purified by column chromatography to afford 0.882d6 mmol, 65% yield3S as a colorless oil.
'H NMR (500 MHz, DMSO-d6) 8.44 (s, 1H), 4.25 (m, 2H), 3.73 (m, 4H), 3.32 (iH), 3.27 —
3.04 (m, 2H), 2.83 (m, 1H), 1.36 (s, 18H5C NMR (126 MHz, DMSO-d6p 169.90, 169.44,
154.73, 153.43, 80.85, 79.33, 78.95, 73.27, 723193, 53.26, 28.06, 27.93. ESI-HRMS
Calculated for GH3oNsOs [M+H]":368.2185, Found:368.2172.

(S)-N-(prop-2-yn-1-yl)piperazine-2-carboxamide (4S).



(9-di-tert-butyl-2-(prop-2-yn-1-ylcarbamoyl)piperazine-1,&diboxylate 35S (0.83 g, 2.26
mmol) was dissolved in DCM (3 mL). The solution vamled to 0 °C with ice-bath followed by
trifluoroacetic acid (1.5 mL) was added, and tHenreaction mixture was stirred for 6 hour under
ice-bath. The mixture was concentrated under vadiuafford 0.378 g (2.26 mmol, 100% vyield)
4S as a yellow oil and used directly in the next tisac ESI-HRMS Calculated for ¢61;4N3O
[M+H] ":168.1137, Found:168.1135.
(S)-N-(prop-2-yn-1-yl)-1,4-bis(vinylsulfonyl)piperazine2-carboxamide (5S)A stirred solution

of (9-N-(prop-2-yn-1-yl)piperazine-2-carboxamidéSj (0.378 g, 2.26 mmol) and triethylamine

(2.28 g, 22.6 mmol) in DCM (12 mL) was cooled to @ with ice-bath and
2-chloroethanesplfonyl chloride (1.474, .04 mmol) was then injected slowly. The reaction

mixture was stirred at 0 °C for 20 minute, and wg®&) mL) was added. The product was
extracted with DCM (3x20 mL). The combined orgagitracts were washed with brine (10 mL)
and dried over anhydrous p&O,. The solvent was removed under vacuum and thduesvas
purified by column chromatography on a gradientrfdight petroleum to 50% ethyl acetate in
light petroleum to afford 541 mg (1.56 mmol, 69%Igl) 5S as a slightly yellow solid-H NMR
(500 MHz, Chloroformd) & 6.75 (t,d = 5.4 Hz, 1H), 6.64 (dd] = 16.5, 9.8 Hz, 1H), 6.46 (dd=
16.5, 9.9 Hz, 1H), 6.30 (dd,= 16.5, 14.5 Hz, 2H), 6.07 (dd= 9.9, 8.1 Hz, 2H), 4.49 (di,= 3.7,
1.6 Hz, 1H), 4.22 (dt) = 12.8, 1.8 Hz, 1H), 4.17 — 3.93 (m, 2H), 3.67 &), 3.28 (ddd] = 13.6,
12.0, 3.5 Hz, 1H), 2.96 (dd,= 12.8, 4.0 Hz, 1H), 2.83 (td,= 12.1, 3.4 Hz, 1H), 2.26 @,= 2.5
Hz, 1H).*C NMR (126 MHz, CDGJ) & 167.22, 135.14, 132.90, 129.73, 128.77, 78.921772.
55.69, 45.58, 44.24, 42.35, 29.78. ESI-HRMS Catedldor G,H1gN30sS; [(M+H)"]: 348.0688,
found:348.0683.d]p%° = + 6.8 £ 2.5, CHOH)

Compound 9 Monomethyl auristatin E (100.0 mg, 0.14 mmol),
2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)acetic aci®.@mg, 0.153 mmol), HOAT (37.9 mg, 0.28
mmol), EDCI (53.5 mg, 0.28 mmol) and diisopropyigmine (DIEA, 140.6 mg, 1.39 mmol)
were dissolved in DMF (5 mL). The reaction mixtuvas stirred at room temperature overnight.
The resulting crude mixture was purified by HPLCaftord 111 mg (0.1189 mmol, 85.6%) yield
of 9 as a white solid. ESI-HRMS Calculated fQet;NgO10 [M+H] ":933.6025, Found:933.5729.

Compound 1Q MMAE-3-PEG-N; (9) (30.0 mg, 0.032 mmol)5 (12 mg, 0.035 mmol),



Na-ascorbate (12.6 mg, 0.064 mmol) and Cu$t® mg, 0.064 mmol) were dissolved in
tBUOH/H,O/DMF (1/1/1, 3 mL). The reaction mixture was ®trat room temperature for 3 h.
The resulting crude mixture was purified by HPLGafford 24.0 mg (0.01874 mmol, 53%) yield
of 10 as a white solid®H NMR (500 MHz, Methanol-d4§ 8.27 — 8.09 (m, 1H), 7.43 — 7.17 (m,
5H), 6.78 — 6.67 (m, 1H), 6.61 (m, 1H), 6.28 — 602 4H), 4.79 — 4.41 (m, 9H), 4.41 — 4.03 (m,
5H), 4.00 — 3.82 (m, 3H), 3.82 — 3.49 (m, 13H),13:53.23 (m, 13H), 3.23 — 3.09 (m, 2H), 3.09 —
2.92 (m, 4H), 2.91 — 2.66 (m, 1H), 2.58 — 2.36 {i), 2.36 — 2.18 (m, 2H), 2.17 — 1.67 (m, 5H),
1.66 — 1.50 (m, 1H), 1.41 (d, = 3.7 Hz, 2H), 1.32 — 0.70 (m, 24HC NMR (126 MHz,
Methanol-d4)5 174.03, 170.08, 169.30, 142.71, 135.51, 132.38,992 128.13, 127.86, 127.23,
127.10, 126.90, 126.72, 126.58, 82.05, 75.91, 7078205, 69.95, 69.15, 68.33, 60.61, 60.23,
59.54, 59.20, 56.94, 55.28, 54.71, 51.36, 49.93,.31&7.96, 47.90, 47.79, 47.73, 47.62, 47.53,
47.45, 47.36, 47.28, 47.11, 46.68, 44.74, 44.431342.10, 33.77, 31.70, 30.50, 29.02, 26.27,
25.62, 25.20, 24.48, 24.21, 23.07, 18.37, 17.79361714.69, 14.44, 13.79, 9.53. ESI-HRMS
Calculated for GHogN110:6S, [M+H]":1280.6634, Found:1280.6644. HPLC analysis: reganti
time = 4.947 min; peak area, 99%

Compound 10S MMAE-3-PEG-N; (9) (48 mg, 0.052 mmol)5S (18 mg, 0.052 mmol),
Na-ascorbate (20 mg, 0.105 mmol) and CyS®8 mg, 0.105 mmol) were dissolved in
tBUOH/H,O/DMF (1/1/1, 3 mL). The reaction mixture was ®trat room temperature for 3 h.
The resulting crude mixture was purified by HPLCaftord 18 mg (0.014 mmol, 27%) yield of
10Sas a white solid"H NMR (500 MHz, Methanol-d4j 7.96 (s, 1H), 7.43 — 7.17 (m, 5H), 6.80
—6.51 (m, 2H), 6.27 — 5.98 (m, 4H), 4.72 — 4.50 &), 4.50 — 4.03 (m, 8H), 4.03 — 3.80 (m,
3H), 3.80 — 3.49 (m, 13H), 3.49 — 3.24 (m, 13H243- 3.08 (m, 2H), 3.06 — 2.71 (m, 6H), 2.58 —
2.41 (m, 2H), 2.39 — 1.51 (m, 6H), 1.31 — 1.08 @&H), 1.08 — 0.69 (m, 21H)’C NMR (126
MHz, Methanol-d4)5 173.17, 170.45, 144.01, 143.74, 136.73, 133.78,4B3 129.52, 129.25,
128.62, 128.40, 128.06, 127.92, 83.47, 77.33, 717123, 71.41, 70.54, 70.17, 63.69, 62.01,
61.60, 61.54, 60.75, 60.57, 58.64, 58.37, 56.6515151.32, 49.51, 49.34, 49.17, 49.00, 48.83,
48.66, 48.49, 48.08, 46.10, 45.84, 45.49, 43.4%43531.82, 30.38, 27.66, 27.59, 26.96, 26.57,
25.80, 25.60, 24.43, 20.89, 19.73, 19.12, 18.97/21816.32, 16.09, 15.80, 15.05, 14.45, 10.90.
ESI-HRMS Calculated for §HggN11016S, [M+H] ":1280.6634, Found:1280.6684. HPLC analysis:

retention time = 5.075 min; peak area, 99%.



Compound 10R MMAE-3-PEG-N; (9) (46.0 mg, 0.05 mmol)5R (17 mg, 0.05 mmol),
Na-ascorbate (19 mg, 0.1 mmol) and CyS@6 mg, 0.1 mmol) were dissolved in
tBUOH/H,O/DMF (1/1/1, 3 mL). The reaction mixture was ®ifrat room temperature for 3 h.
The resulting crude mixture was purified by HPLGaftord 20.0 mg (0.016 mmol, 32%) yield of
10R as a white solid*H NMR (500 MHz, Methanol-d4j 8.00 (d, J = 11.8 Hz, 1H), 7.45 — 7.16
(m, 5H), 6.81 — 6.52 (m, 2H), 6.29 — 5.91 (m, 4HY4 — 4.11 (m, 14H), 4.08 (m, 1H), 3.99 — 3.81
(m, 3H), 3.80 — 3.51 (m, 14H), 3.41 (m, 1H), 3.8% 6&H), 3.29 (m, 2H), 3.13 (m, 1H), 3.08 —
2.89 (m, 5H), 2.85 - 2.71 (m, 1H), 2.51 (m, 2HA®@-- 2.18 (m, 2H), 2.17 — 1.66 (m, 6H), 1.66 —
1.52 (m, 1H), 1.51 — 1.21 (m, 3H), 1.21 — 0.76 paH). °C NMR (126 MHz, Methanol-d4)
174.03, 170.49, 169.11, 142.70, 135.48, 132.41,912828.15, 127.86, 127.24, 127.06, 126.85,
126.71, 126.55, 85.27, 82.05, 77.48, 75.91, 70/@H7, 70.00, 69.21, 68.75, 60.59, 60.18, 59.45,
59.19, 57.21, 56.93, 56.08, 55.26, 55.04, 54.747%019.91, 48.12, 48.06, 47.95, 47.89, 47.81,
47.78, 47.74, 47.72, 47.66, 47.60, 47.55, 47.4BUAT.26, 47.22, 47.09, 46.68, 44.74, 44.45,
44.12, 42.07, 34.47, 30.46, 29.00, 26.26, 25.59,934.46, 24.21, 23.06, 18.36, 17.76, 17.36,
15.59, 14.66, 14.55, 14.42, 13.71, 9.51. ESI-HRM@c@ated for GgHogN11016S,
[M+H]":1280.6634, Found:1280.6644. HPLC analysis: retantime = 5.067 min; peak area,
99%.

Compound 12S.Fluorescein isothiocyanatesN56 mg, 0.118 mmol)5S (49.192 mg, 0.142
mmol), Na-ascorbate (41.56 mg, 0.236 mmol) and GUS®54 mg, 0.236 mmol) were dissolved
in tBUOH/H,O/DMF (1/1/1, 6 mL). The reaction mixture was ®trat room temperature in the
dark for 2 h. The resulting crude mixture was pedfoy HPLC to afford 43.1 mg (0.0524 mmol,
44.41% yield)12Sas a yellow solid. ESI-HRMS Calculated fogs835Ng010S; [M+H] ":823.1638,
Found:823.1646'H NMR (500 MHz, DMSO-d6} 10.13 (s, 3H), 8.64 (fi = 5.6 Hz, 1H), 8.20 (s,
1H), 8.13 (s, 1H), 7.92 (s, 1H), 7.70 @ 8.1 Hz, 1H), 7.18 (d] = 8.3 Hz, 1H), 6.76 (m, 2H),
6.67 (d,J = 2.0 Hz, 2H), 6.64 — 6.51 (m, 4H), 6.11 (m, 4#BO (t,J = 6.1 Hz, 2H), 4.42 (d] =

1.9 Hz, 1H), 4.40 — 4.36 (m, 2H), 4.12 — 3.92 (iH),38.55 (d,J = 5.5 Hz, 2H), 3.47 (d] = 11.6
Hz, 1H), 3.17 (dJ = 3.7 Hz, 1H), 2.91 (dd] = 12.5, 4.2 Hz, 1H).

Compound 12R. Fluorescein isothiocyanatesN56 mg, 0.118 mmol)5R (49.192 mg, 0.142
mmol), Na-ascorbate (41.56 mg, 0.236 mmol) and GUS®54 mg, 0.236 mmol) were dissolved

in tBUOH/H,O/DMF (1/1/1, 6 mL). The reaction mixture was ®trat room temperature in the



dark for 2 h. The resulting crude mixture was pedfoy HPLC to afford 69.6 mg (0.0846 mmol,
71.68% vyield)12R as a yellow solid. ESI-HRMS Calculated fogsg835Ng010S; [M+H] *:823.1638,
Found:823.1653H NMR (500 MHz, DMSO-d6p 10.13 (s, 3H), 8.63 (fl = 5.6 Hz, 1H), 8.20 (s,
1H), 8.12 (dJ = 8.3 Hz, 1H), 7.93 (s, 1H), 7.71 @= 8.1 Hz, 1H), 7.18 () = 7.6 Hz, 1H), 6.82
—6.70 (m, 2H), 6.67 (dd,= 7.3, 2.3 Hz, 2H), 6.58 (qd,= 8.7, 2.5 Hz, 4H), 6.20 — 5.97 (m, 4H),
4.61 (t,J = 6.1 Hz, 2H), 4.42 (d] = 1.9 Hz, 1H), 4.40 — 4.36 (m, 2H), 3.97 (m, 3Bip5 (d,J =
5.5 Hz, 2H), 3.47 (dJ = 11.6 Hz, 1H), 3.17 (dl = 2.7 Hz, 1H), 2.92 (ddl = 12.5, 4.2 Hz, 1H).

4.3 Modification of peptide oxytocin with BVP linkers (5, 5R, 5S)

In a 330 pL 96 round well plates, peptide oxytadif0 pL, 2.5 mM in phosphate buffer (pH =
7.4)) was reduced by addition of 1.5 equiv redueiggnt tris(2-carboxyethyl)phosphine (14.4 pL,
25 mM stock solution in kO, pH 7.07 was adjusted by NaOH angPBy). The mixtures were
reacted on Micro plate fast oscillator at room teragure for 1 hour to attain reduced oxytocin
followed by 24 pL of BVP linkers5 5R or 5S) (25 mM in CHCN) and 41.6 pL of CECN was
added. The mixtures were reacted on Micro platedssillator at room temperature for 2 hours.
The resulting reaction mixture was analyzed by RR-@ (Supporting Information Figure S5).
The product was confirmed by LC-MS (Supporting Information fig S6). Prepared using 100
pl of 6 solution (received from analytical HPLCY) @l of Ellman’s reagent (25 mM in GEN)
and 20 pl of PBS (pH 10.02) at room temperatur@foours. The resulting mixture was analyzed
by LC-MS. A 330 puL LABTIDE 96 Round Well containd@0 pL of peptide oxytocin (2.5 mM in
phosphate buffer at pH = 7.4), 24 uL of BVP link@@s5R, 59) (25 mM in CHCN) and 56 pL of
CH;CN. The mixture was reacted on Micro plate fasillagor at room temperature for 2 hours.
The resulting reaction mixture was analyzed by RR-El and LC-MS (Supporting Information
Figure S7 and S8). No reaction occurred when oxyt@acted with BVP linkers directly.

4.4 Antibody-Drug Conjugates

In a 330 pL 96 round well plates, trastuzumab ({1003 mg/mL in phosphate buffer (pH = 7.4))
was reduced by addition of fivefold molar excestumng agent tris(2-carboxyethyl)phosphine (1
ML, 10 mM stock solution in }0, pH 7.07 was adjusted by NaOH angPBy). The mixtures
were reacted on Micro plate fast oscillator at rommperature for 2 hours to attain reduced
trastuzumab followed by 2 pL dfo, 10R or 10S (10 mM stock solution in DMSO) was added,

respectively. The mixtures were reacted on Micitepfast oscillator at room temperature for 4



hours. The antibody-drug conjugates were purifisthgt a Zeba™ Spin Desalting Columns
(Thermo, 7K MWCO, 0.5 mL) to remove excess reagant$ the resulting conjugatés, 11R
and 11Swere characterized by UPLC-MS analysis and Sizdision chromatography analysis
(Supporting Information Figure S3).

4.5 Sodium dodecyl sulfate—polyacrylamide gel eleophoresis (SDS-PAGE) gels
Non-reducing glycine-SDS-PAGE at 4-12% acrylamigésgvere performed following standard
lab procedures. A 4-12% stacking gel was used abdad-range MW marker (10-250 kDa,
Prestained PagerulerPlus Protein Standards, Big-Rad co-run to estimate protein weights.
Samples (1QL at ~12uM construct) were mixed with NUPAGE LDS sample buif4X, 10uL)
and phosphate buffer ((pH = 7.4), 20 uL) were adddtie tube. The solution (10 pL) was loaded
to NUPAGE Bis-Tris mini gel with 4-12% gradient patrylamide concentration, and the
conjugation reaction was analyzed by electrophsrék20 V). The buffering system employed
was 1X SDS running buffer (NUPAGE MOPS SDS runridfer, 20X, pH 7.3, 50 to 950 mL
deionized water ). After 50 min, the intensitiesflaubrescence were analyzed. Then, the gel was
stained with coomassie dye (0.5%) and the gel ead 2 h after mixing at room temperature.

4.6 Papain digestion of trastuzumab and the conjudes 11, 11R and 11S

Trastuzumab (3 mg/mL) in digestion buffer was redcwith a 1/10 amount (wt./wt.) of
immobilized papain (250 g/mL of gel) for 20 h at 37 under nitrogen in a buffer containing 20
mM sodium phosphate monobasic, 10 mM disodium ERmd 80 mM Cys*HCI (pH 7.0). The
Cys*HCI was incorporated immediately before tragtuab digestion. After digestion, the mixture
was centrifuged at 200 rcf for 5 min and the sugmt was removed for purification. The
supernatant was concentrated to a volume of 20§lfigua diafiltration column (30 KDa MWCO)
to purify it from low-molecular-weight proteolyticontaminants, and buffer exchanged into
phosphate-buffered saline (PBS, pH 7.0) by passhgrigh diafiltration columns (30 KDa
MWCO) four times with excessive PBS (pH 7.0). Hiyahe sample was analysed by LC-MS and
revealed a mixture of Fab products, LC-MS obsemedses: 47270 and 47635. The conjugates
11, 11R, 11Swere also digested by using the protocol outlined.

4.7 Antibody-Fluorescence Conjugates

In a 330 pL 96 round well plates, trastuzumab smiuin phosphate buffer (pH = 7.4) (3 mg/mL,

100 pL) and 4 pL o12R or 12S(10 mM stock solution in DMSO) was mixed. The rang was



reacted on Micro plate fast oscillator at room terapure in the dark for 12 hours. The
antibody-fluorescence conjugates was purified usiigba™ Spin Desalting Columns (Thermo,
7K MWCO, 0.5 mL) to remove excess reagents andehalting mixture was characterized by
UPLC-MS analysis. In a 330 pL 96 round well plateastuzumab (100 pL, 3 mg/mL in
phosphate buffer (pH = 7.4)) was reduced by additib fivefold molar excess reducing agent
tris(2-carboxyethyl)phosphine (1 pL, 10 mM stockuson in H,O, pH 7.07 was adjusted by
NaOH and HPQ,). The mixtures were reacted on Micro plate fasillagor at room temperature
for 2 hours to attain reduced trastuzumab followed! pL of 12R or 12S (10 mM stock solution

in DMSO) was added. The mixtures were reacted owordMplate fast oscillator at room
temperature in the dark for 12 hours. The antibibulyrescence conjugates were purified using a
Zeba™ Spin Desalting Columns (Thermo, 7K MWCO, ®\b) to remove excess reagents and
the resulting conjugatds3Sand13R were obtained.

4.8 The stability of the antibody-fluorescence cqugate 13S

In a 330 pL 96 round well plates, trastuzumab (@003 mg/mL in phosphate buffer (pH = 7.4))
was reduced by addition of tenfold molar excessiced) agent tris(2-carboxyethyl)phosphine (2
ML, 10 mM stock solution in $0, pH 7.07 was adjusted by NaOH angPBy). The mixture was
reacted on Micro plate fast oscillator at room temagure for 2 hours to attain reduced
trastuzumab followed by 4 pL d2S (10 mM stock solution in DMSO) was added. The gt
was reacted on Micro plate fast oscillator at rommperature in the dark for 12 hours. The
antibody-fluorescence conjugatd&8S was purified using a Zeba™ Spin Desalting Columns
(Thermo, 7K MWCO, 0.5 mL) to remove excess reagants divided into 2 parts, numbered as
solution A and solution B, respectively.

Addition of 20 uL of human plasma to the solutiomid the mixture was stored 37 in the dark.
Addition of 33.8 uL of GSH (10 mM in water) to teelution B and the mixture was stored°g7

in the dark. Aliquots at different incubation timesre analyzed by SDS-PAGE. The frozen
sample in the -8GC refrigerator was taken out. NUPAGE LDS samplearufX, 10uL) and
NuPAGE reducing agent (100 mM, 1uL) were addethéattibe. The solution was heated af®5
for 5 min. The heated solution (10 pL) was loadedNuUPAGE Bis-Tris mini gel with 4-12%
gradient polyacrylamide concentration, and the wgafion reaction was analyzed by

electrophoresis (120 V). (Supporting Informatiogufe S1)



4.9 The stability of the antibody-fluorescence cgugate 13R

In a 330 pL 96 round well plates, trastuzumab (@003 mg/mL in phosphate buffer (pH = 7.4))
was reduced by addition of tenfold molar excessiced) agent tris(2-carboxyethyl)phosphine (2
ML, 10 mM stock solution in $0, pH 7.07 was adjusted by NaOH angPBy). The mixture was
reacted on Micro plate fast oscillator at room temagure for 2 hours to attain reduced
trastuzumab followed by 4 pL 4R (10 mM stock solution in DMSO) was added. The omiet
was reacted on Micro plate fast oscillator at romperature in the dark for 12 hours. The
antibody-fluorescence conjugatd8R was purified using a Zeba™ Spin Desalting Columns
(Thermo, 7K MWCO, 0.5 mL) to remove excess reagants divided into 2 parts, numbered as
solution A and solution B, respectively. Additioh2® uL of human plasma to the solution A and
the mixture was stored 3T in the dark. Addition of 33.8 uL of GSH (10 mM \vater) to the
solution B and the mixture was stored %7 in the dark. Aliquots at different incubation &m
were analyzed by SDS-PAGE. The frozen sample in-8@°C refrigerator was taken out.
NUuPAGE LDS sample buffer (4X, 10puL) and NuPAGE m@dg agent (100 mM, 1ul) were
added to the tube. The solution was heated &C9%r 5 min. The heated solution (10 pL) was
loaded to NUPAGE Bis-Tris mini gel with 4-12% grawli polyacrylamide concentration, and the
conjugation reaction was analyzed by electrophsr@sl0 V) (Supporting Information Figure S2).
4.10 Celllines and culture

Human breast cancer lines SK-BR-3, MCF7, MDA-MB-468DA-MB-231and human gastric
cancer cell NCI-N87 were obtained from American &yQulture Collection (ATCC, Manassas,
VA, USA). Fetal bovine serum (FBS), RPMI 1640 medjuDMEM medium, MEM medium,
Penicillin-Streptomycin (PS), non-essential amiredda(NEAA) were purchased from Gibco
Thermofisher Scientific (Waltham, MA. USA). Recomant human insulin was purchased from
Sigma Chemical (St. Louis, MO, USA). SK-BR-3, MDABWM68 and MDA-MB-231 cells were
cultured in DMEM medium with 10% FBS and 1% PS; NN87 cell was cultured in RPMI 1640
medium with 10% FBS and 1% PS; MCF7 cell was catlun MEM medium with 10% FBS, 1%
PS, 1% NEAA and 1@g/mL insulin; all cells were cultured at 37 °C irhamidified incubator
with 5% CQ."’

4.11 Flow cytometry for affinity of ADCs

Goat Anti-Human IgG H&L (DyLight® 650) was purchasérom Abcam (Cambridge, UK).



DAPI was purchased from Cell Signaling TechnoloBggton, USA). SK-BR-3 and MCF7 cells
(2 x 10 cells/tube) were collected and incubated with Weryconcentrations of ADCs and
trastuzumab at 2C for 30 min. After being washed with FACE solutid® BSA in PBS, pH 7.4),
the cells were stained with Goat Anti-Human IgG H&yLight® 650) (1:200) at £4C for 30
min. After being washed with FACE solution, thelgalere stained with DAPI (ig/mL) in PBS.
The fluorescent signals in individual samples waralyzed by CytoFLEX flow cytometer
(Beckman Coulter, Brea, USA) using the FlowJo safav

4.12 Flow cytometry for internalization of ADCs.

SK-BR-3 cell (2 x 10 cells/tube) was collected and incubated with AR®s trastuzumab in
duplicate at 4C for 30 min. After being washed with FACE solutidtine samples were incubated
with PBS at 4°C and 37°C for 30 min, 1 h, and 3 h, respectively. And tlea samples were
incubated with Goat Anti-Human IgG H&L (DyLight® 6% (1:200) at £C for 30 min. After
being washed with FACE solution, the cells werdnsth with DAPI (ug/mL) in PBS. The
fluorescent signals in individual samples were yred by CytoFLEX flow cytometer (Beckman
Coulter, Brea, USA) using the FlowJo software. phecentage of internalization was determined
using the following formula: percentage of inteinaiion = (fluorescence intensity of cells &Gt

— fluorescence intensity of cells at %7)/ fluorescence intensity of cells ai@ x 100%.

4.13 Cytotoxicity assay

Cytotoxicity assay of ADCs in vitro was performedh iSK-BR-3, NCI-N87, MCF7,
MDA-MB-468 and MDA-MB-231 cells according to preus study (“Rossin R, Versteegen R M,
Wu J, et al. Chemically triggered drug release framantibody-drug conjugate leads to potent
antitumour activity in mice. Nature communicatio@618, 9(1): 1484.”) with some modification.
Briefly, cells (5 x 16 cells/well) were cultured in 96-well plates witB@uL complete medium,
and 24 h later the cells were treated in triplicaitd varying concentrations (500 nM, 100 nM, 20
nM, 4 nM, 0.8 nM, 0.16nM, 32 pM, 6.4 pM, 1.28 pMdaB.256 pM) of ADCs, MMAE, T-DM1
and trastuzumab for 72 h. The cells cultured iniomadalone served as the control and medium
alone served as the blank. Cell viability was dateed using Cell Counting Kit-8 (CCK-8) kit
according to the manufacturer’s instructions. Theoabent optical density (OD) values at 450 nm
were measured in a microplate reader (SpectraMa¥Mi3, USA). The inhibition rate of cell

growth in individual wells was determined using thowing formula: growth inhibition rate =



(OD value of control — OD value of dose)/ (OD vahfecontrol — OD value of blank) x 100%.
The half maximal inhibitory concentrations §§Cof the compounds for each cell were calculated

using the Prism 7 software.
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Bis(vinylsulfonyl)piperazines linkers enable selective disulfides re-bridging at Fab regions of
antibody;
Formation of highly homogeneous ADCs with DAR of 2;



Declaration of Interest Statement

The authors declare no conflict of interest.



