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ABSTRACT: Cysteine (Cys)-specific bioconjugation has found wide application in the synthesis of protein conjugates, partic-
ularly for the functionalization of antibody. Here, through direct assessment on protein substrate, we report the discovery of 
trans-styryl sulfonyl fluoride (SSF) as a near perfect Michael acceptor (MA) for cysteine-specific protein bioconjugation. Com-
pared to predominantly used maleimides, SSF exhibited better chemoselectivity, self-stability and conjugate-stability while 
kept comparable reactivity. Using SSF-derived probes, proteins can be readily modified on the Cys residue(s) to install func-
tionalities, e.g., fluorescent dyes, toxins and oligonucleotides (oligos), without the influence of activity. Further applications 
of SSF derived serum stable antibody-drug conjugates and PD-L1 nanobody-oligo conjugates demonstrate the great transla-
tional value of SSF-based bioconjugation in the drug development and single-cell sequencing. 

INTRODUCTION 
The development of bioconjugation techniques has be-

come a cornerstone for the advancement of chemical prote-
omics[1], biomaterial synthesis[2], biomolecular imaging[3], 
single-molecule analysis[4], single-cell multi-omics[5] and 
multispecific drugs[6]. Despite the emergence of bioconjuga-
tion reactions that utilize different natural and unnatural 
amino acids in protein molecules[7], cysteine (Cys)-specific 
conjugation remains the most widely used strategy for na-
tive protein modification[8]. This is due to the unique nucle-
ophilicity and the low natural abundance of Cys residues, 
which provides opportunities for rapid and selective pro-
tein modifications[9]. Various types of reactions have been 
reported to specifically label Cys in proteins, including al-
kylation[10], arylation[11] and Michael additions[12]. Among 
these, Michael addition appears a more favorable chemistry 
in application due to its fast reaction kinetics in aqueous 
buffer. Notably, seven of twelve FDA-approved antibody-
drug conjugates (ADC) are constructed via the Michael ad-
dition reactions between Cys and maleimide[13].  

Although maleimide has been widely used in protein label-
ing since the discovery in the 1950s[14], the thiol-maleimide re-
action is limited by several drawbacks. First, maleimide may 
react with amine at higher pH to generate heterogenous mix-
tures of conjugates, which links to the residue of Cys or Lysine 
(Lys)[12]. Second, the hydrolysis of maleimide in alkaline solu-
tion results in an unreactive maleamic acid, which requires 
strict storage conditions for maleimide reagents[15]. Most im-
portantly, thiol-maleimide adducts are not resistant to bio-
chemical nucleophiles, and easily decompose in clinically rele-
vant samples[16]. Continuous efforts have been made to find a 
perfect Michael acceptor (MA) for Cys-specific protein modifi-
cations, which could balance the properties of reactivity, self-
stability, chemoselectivity as well as the stability of adducts[17]. 

In the development of protein chemistry, organic reac-
tions under mild conditions inspire chemists to discover 
novel bioconjugation strategies[18]. To discover potentially 
better MAs in protein bioconjugations, we pay attention to 

the Mayr's database that summarizes a series of MAs of sub-
stituted ethylenes for prediction of reactions in organic syn-
thesis, which is little used in protein chemistry[19]. We envi-
sion that MAs from this database could be comprehensively 
interrogated on proteins to novel Cys-specific bioconjuga-
tion reagents. Through the direct assessment of protein re-
actions in a LC-MS-based platform, we herein report on 
trans-styryl sulfonyl fluoride (SSF) as a near perfect MA for 
Cys-specific protein conjugation. SSF derived functionalities 
were used to generate serum stable protein conjugates effi-
ciently, and shows better reactivity than current platforms 
for stable ADC construction in clinical stage. Moreover, SSF 
modified functionalities, e.g., SSF- single-stranded DNA 
(ssDNA), are quite stable in aqueous buffer, which provides 
a novel readily reactive reagent for the construction of DNA-
protein conjugates (Fig. 1). Further performance character-
ization shows the promising translational value of this 
chemistry in preparing protein conjugates for applications 
of single-cell omics and novel ADC therapies. 

 

Figure 1. Scheme for FDA-approved ADCs using cysteine-
specific conjugation.  

  



 

RESULTS AND DISCUSSION 

Identification of SSF from the database of acceptor-sub-
stituted ethylenes. 

 We initiated our studies by selecting acceptor-substi-
tuted ethylenes from the database of electrophiles. Nine 
compounds (MA1-9) representing core structures of 114 
substituted ethylenes are selected for characterization in 
reaction with protein (E value represents the electrophilic-
ity[20]) (Fig. 2A). Some structures are virtually excluded due 
to their steric hindrance and instability. Green fluorescent 
protein (GFP) with a highly reactive Cys mutation (E124C, 
referred as GFP hereafter) was directly used as the protein 
substrate in comparing these MAs, in which total of three 
Cys residues could be modified (NCys=3) (Fig. 2A). We first 
characterized the reactions between GFP and MA1-9 (50 
equiv.) in PBS buffer (pH 7.4) by LC–MS analysis. Surpris-
ingly, MA5-9, though less electrophilic (low E value) than 
MA1-4, showed higher reactivity towards GFP, in which av-
erage modification numbers (mod#) are more than one (Fig. 
2B, Fig.S1). By contrast, MA1-4 bearing high E values dis-
played low reactivity (mod# <1) or complex reaction pro-
files. Similar results could also be observed at higher pH (pH 

9.0), although MA1 and MA4 showed a slightly improved 
reaction efficiency (Fig. 2B, Fig.S1). Furthermore,. when re-
duced IgG antibody were used as protein substrates, MA1-
9 showed complex reaction profiles again and only MA5-7 
showed consistent reactivity on GFP and IgG (Fig. S2). We 
speculate that local chemical environments of Cys on the 
protein may affect the reactivity of MA1-4. To examine this 
hypothesis, we next performed Michael additions with 
MA1-9 on peptides without complex strutures in 50% (v/v) 
CH3CN/PBS (Table S1-S2). As expected, most of MAs re-
acted with cys-bearing peptides, and their reactivity gener-
ally followed the trend of their electrophilicity, which sup-
ports our hypothesis that the local environment of Cys resi-
dues affect their reactivity with MAs. Among the reactive 
MAs identified on GFP modification, MA7 reacted with more 
than three residues on GFP (mod#>NCys), and there are 
additional non-Cys- specific modifications at pH 9.0 (Fig. 2B, 
Fig.S1), reflecting its poor chemoselectivity. As indicated in 
previous work, maleimide (MA5) displayed a slight non-
Cys-specific modifications (mod#> NCys) at pH 9.0 as well 
(Fig. 2B)[12]. Thus, we chose MA6, MA8 and MA9 to further 
evaluate the

Figure 2. Comparison of representative MA-mediated modifications on proteins. A) Reaction scheme for MA1-9 with GFP. B) Reac-
tion profiles of GFP with MAs. Shown are percentages of GFP conjugate with indicated modification numbers. Reaction conditions: 
50 μM GFP, 2.5 mM MA1-9, PBS buffer (50 mM, pH = 7.4/9.0), 37°C, 2 h. MA2 conjugate cannot be assigned, which is probably due 
to the potential elimination of the CN group after reaction. Electrophilicity E from Ref20. C) Stability of GFP-MA conjugates when 
exposed to GSH treatment. Reaction conditions: 2 mM GSH, 20 μM GFP-MAs, PBS, 37°C for 48 h. D) Hydrolytic stability of MA 6 versus 
MA5. 



 

stability of their conjugates in the presence of 2 mM GSH 
(Fig. 2C). Maleimide was included as a control in all of 
following comparisons due to its wide applications. 
Impressively, only the GFP-MA6 (SSF) conjugate exhibited 
complete stability in 48 hours. SSF was then compared with 
maleimide in alkaline buffer to characterize the self-
stability. As expected, the hydrolysis of maleimide at pH 9.0 
resulted in the unreactive product, but SSF kept the 
reactivity even treated at pH 9.0 for 48 h and reacted with 
GFP at C124 completely (Fig. 2D). Together, by comparing 
the reactivity, selectivity and conjugate-stability, SSF stands 
out from nine core structures of substituted ethylenes. 
Comparison of SSF analogues in protein 
bioconjugations. 

In recent years, Sharpless and co-workers recognized 
that ethenesulfonyl fluoride (ESF) “ranks at the top of the 
reactivity hierarchy of known Michael acceptors”, and 
developed methodologies for the synthesis of ESF 
analogues[21]. Meanwhile, the Mayr group confirmed that 
ESF is among the strongest MAs on their comprehensive 
electrophilicity scale using physical organic approaches.[22] 
As MA6 (SSF), a derivative of ESF, shows a great balance of 
reactivity, selectivity and stability towards modifying Cys 
on protein, we sought to systematically study ESF analogues 
to expand our knowledge of these MAs in protein reactions 
(Fig. 3A). We prepared four alkenyl sulfonyl fluorides 
(MA10-13) bearing substituted ethene structures as 
analogues of SSF and they all showed good reactivities 
toward GFP except 1,2-disubstituted vinyl sulfonyl 
fluorides (MA13) (Fig. 3B). Although (Z)-2-
phenylethenesulfonyl fluoride (MA10) and 1-phenyl 
ethenesulfonyl fluoride (MA11) were very reactive, their 
poor residue selectivity (mod# > Ncys) prevented their 
further application. We also included analogues that replace 
the fluoride linked to sulfonyl with CF3 and CH3 (MA14 and 
15). Unexpectedly, both of these MAs show lower reactivity 
towards GFP regardless of whether the substitution is 
electron-donating or electron-withdrawing (Fig. 3B). It 
seems that the unique property of fluoride substitution 
leads to the high electrophilic reactivity of ESF analogues, 
which might be a combination of electronic and steric 
effects. Moreover, the subsequent competition assay 
identified MA6 as a more reactive Michael acceptor than β-
alkyl vinyl sulfonyl fluoride (MA12) (Fig. 3C). These results 
indicate that MA6 has the most balanced reactivity and 
selectivity among all the ESF analogues that we tested. 
Further alkyl azide substituent (MA16) on the phenyl group 
of MA6 shows equal reactivity as its parent compound, 
which facilitates the further functionalization of SSF via 
click chemistry (Fig. 3C). 
Characterization of SSF reactivity and specificity on di-
versified proteins 

There are a couple of reported Cys-specific labeling rea-
gents in the clinical stage for constructing serum stable protein 
conjugates[17e, 17h]. To compare their reactivity with SSF, we 
monitored their reaction with GFP at different time points (Fig. 
S3). Remarkably, the reaction was completed in less than 5 min 
using 5 equiv. of MA6 at 37°C, much more effective than others, 
which is consistent in modifying other proteins (Fig. S4). For 
example, neo2 (a de novo cytokine mimic of IL2,14 KDa)[23], Nb-
PD-L1 (PD-L1 nanobody, 15 KDa)[24], trastuzumab (HER2 
targeted monoclonal antibody, 150 KDa)[25], KN026 

(biparatopic HER2 targeted antibody, 150 KDa)[26] and KN046 
(bispecific antibody that blocks PD-L1 and CTLA-4, 110 KDa)[27] 
were all modified in full conversion (Fig. 4A-B, Fig. S5), but  

Figure 3. Comparison of MA6 with its analogues. A) Reaction 
scheme for MA6, MA10-16 with GFP and chemical structures 
of MA6 analogues. B) Reaction profiles of GFP with MAs. Shown 
are percentage of indicated modification numbers. Reaction 
conditions: 50 μM GFP, 1 mM MA6, 10-16, PBS buffer, 37°C, 2 
h. C) Competition reaction of MA6 with MA12, MA16, respec-
tively. Shown are percentages of indicated conjugation. Condi-
tions: 500 µM MA6, 500 µM MA12 or MA16, 50 µM GFP. 

other reagents only labeled part of Cys residues (Fig. S4). The 
modification numbers of these proteins were characterized, 
which were found the same as the number of Cys residues they 
contain, indicating the Cys selectivity during modification. Cys 
specificity was further confirmed by tryptic digestion followed 
by LC–MS/MS analysis of protein conjugates (Fig. 4C). To 
demonstrate that the modification did not change the activity 
of proteins, we characterized recognition ability of SSF-
modified trastuzumab, which binds to the HER2 antigen with 
similar affinity of unmodified trastuzumab (Fig. 4D). 
Synthesis and application of functionalized SSF rea-
gents 

For the further application of this chemistry, an SSF-
biotin probe (MA16-biotin) was synthesized for the 
modification of trastuzumab with functionalities (Fig. S6). 
The success of biotinylation on trastuzumab was confirmed 
by western blot and LC–MS analysis (Fig. S6 B-C). We also 
used this conjugate to facilitate the discrimination of HER2-
positive or HER2-negative cancer cells via flow cytometry 
analysis (Fig. S6D). Moreover, a two-step method was 
applied to modify trastuzumab with the fluorescent dye 
Cy5.5 through MA16-enabled Michael addition followed by 
strain-promoted azide-alkyne cycloaddition with DBCO-
Cy5.5. Labeled proteins were then detected and quantified 
via in-gel fluorescence scanning of SDS–PAGE gels and LC–
MS analysis (Fig. S6E-F). Trastuzumab-MA16-Cy5.5 was 
also used to stain cocultured NCI-N87 and MDA-MB-231 
(GFP+) cancer cells. Fluorescence imaging confirmed that 
strong fluorescence from Cy5.5 appeared only on NCI-N87 
cells since they expressed high levels of HER2 antigen (Fig. 
S6G). Together, these results demonstrate the utility of our 
new bioconjugation method for the generation of functional 
antibody conjugates. 



 

Figure 4. Cys-specific modification of different proteins via SSF. A) Reaction scheme. B) Cys-specific protein modifications with MA6 
on the following proteins: neo2, Nb-PD-L1, GFP, trastuzumab, KN026, and KN046. The results were characterized by UPLC–MS. See 
full spectra in SI. C) MS/MS spectra of GFP fragment modified with MA6. D) Binding affinity of trastuzumab and trastuzumab-MA6 
on the HER2+ cell line SKBR3. 

Construction of serum-stable ADCs via SSF-Cys conjuga-
tion 

Having established the foundation for stable Cys-spe-
cific protein bioconjugation, we proceeded to use SSF as a 
reaction handle to construct stable ADCs. We first installed 
SSF onto a drug linker (vc-PAB-MMAE) to generate SSF-vc-
PAB-MMAE (1) and then used it to react with trastuzumab 
(Fig. 5A-B). Reaction conditions were screened to generate 
trastuzumab-1 with a drug-antibody ratio DAR of approxi-
mately 4. As analyzed by LC–MS, 5 equiv. of 1 per antibody 
were required to reach a DAR of 3.2 at a 5 mg/mL antibody 
concentration (Fig. S7-8). Another ADC synthesized by ma-
leimide-Cys addition was also prepared for comparative 
purposes since it widely appears in commercial ADCs. Using 
3.5 equiv. of Mal-vc-PAB-MMAE (2) per antibody, we syn-
thesized trastuzumab-2 in a DAR of 3.2 (Fig. S9). This com-
parable reaction condition confirmed the high reactivity of 
SSF. Since the conjugate of SSF-Cys is stable in GSH treat-
ment, we believe that trastuzumab-1 could show higher 
stability than trastuzumab-2. To prove that under clinically 
relevant conditions, we next evaluated their stability in 
human serum in vitro. ADCs were incubated with human 
serum at 37°C for 7 days. After incubation, 90% of 
trastuzumab-1 was still stable, while more than 70% of 
trastuzumab-2 lost their payload (Fig. 5C-D, Fig S8-9). 
These serum stability data confirm the exquisite stability of 
trastuzumab-1. 

Encouraged by this result, we decided to assess the ef-
ficacy and safety of trastuzumab-1. We started with a cell-

based viability assay with the cancer cell lines SKBR3 
(HER2+, human breast cancer), and MDA-MB-231 (HER2-, 
human breast cancer) (Fig. 5E). The half maximal inhibitory 
concentrations (IC50) on SKBR3 cells were similar (10 
ng/ml) when using these two ADCs. However, trastuzumab-
2 also inhibited HER2-negative MDA-MB-231 growth at 
high concentrations (5 μg/ml), while the inhibition was not 
obvious in the trastuzumab-1 group. These results indicate 
that the unstable maleimide-Cys linker of trastuzumab-2 
may lead to unwanted side effects via the release of toxin 
before binding to cancer cells. To confirm the different by-
stander killing effects of two these ADCs, we designed a co-
culture assay in which SKBR3/MDA-MB-231 mixtures were 
treated with HER2 targeted ADC to characterize the killing 
of MDA-MB-231 cells. MDA-MB-231 cells were treated 
alone as the comparison. Notably, trastuzumab-2 inhibited 
the growth of MDA-MB-231 cells in both groups, while 
trastuzumab-1 only inhibited the growth of MDA-MB-231 
cells in the cocultured group (Fig. 5F). These results sup-
port that trastuzumab-1 was more stable in this system and 
can only induce the bystander killing via the assistance of 
HER2 positive cancer cells. 

To further demonstrate the advantages of the stable 
SSF-Cys linker in vivo, we tested the antitumor efficacy of 
ADC in NCI-N87 xenograft mouse models (Fig. 5G, Fig. S10). 
To show better activity of stable SSF-ADC, we designed the 
experiments using a double dose of 1 mg/kg ADC (low dose) 
at days 0 and 14. To our delight, trastuzumab-1 showed a 
slightly better efficacy than trastuzumab-2 in this condition 



 

according to results from tumor growth inhibition and 
survival rate experiments (Fig. 5G-H, Fig. S11). It is 
noteworthy that humanized antibodies and vc-PAB linker 
are not stable in mouse serum (Fig.5I, Fig. S12), which 
cause the leveling effect that stable/unstable Cys-linkers 
could not be discriminated as significantly as expected in 
human samples. To gain further insights into safety issues 

of ADC arising from the stability of the linker, we conducted 
an exploratory study in rats (Fig. 5J). Before and after ADC 
dosing (20 mg/kg), blood samples were taken for hematol-
ogy analysis. Neutropenia was observed to be significantly 
diminished in the trastuzumab-1 treatment relative to 
trastuzumab-2 treatment. These pharmacological ad-
vantages suggest that the use of SSF in 

Figure 5. Construction of serum-stable ADC via SSF enabled Cys-specific modifications. A) Chemical structures of SSF and Mal-linked 
toxin (vc-PAB-MMAE). B) Structural comparison of trastuzumab-1 and trastuzumab-2; D) stability studies of trastuzumab-1 and 
trastuzumab-2 in human serum. ADCs were incubated in human serum for 0, 3, and 7 days at 37°C. Shown MS specra (C) are the 
relative DAR changes after 7 days. LC: light chain, HC: heavy chain. E) Cell viability assays with HER2+ cell lines (SK-BR-3) and HER2- 
cell lines (MDA-MB-231) for assessing trastuzumab-1, trastuzumab-2 and trastuzumab. F) Bystander killing effect of trastuzumab-
1 and trastuzumab-2. ADCs were performed in cell culture medium at 2 μg/mL final concentration for cocultured group and 5 μg/mL 
final concentration for only MDA-MB-231 group. G) Antitumor activity of trastuzumab-1 and trastuzumab-2 in an NCI-N87 tumor 
xenograft model in BALB/c nude mice. Tumor volumes of the seven mice per group are shown separately. H) Kaplan–Meier survival 
analysis of the study shown in (G). I) Stability studies of trastuzumab-1 and trastuzumab-2 in mouse serum. ADCs were incubated 
in mouse serum for 0, 3 days at 37°C. J) Neutropenia observed in rats following a 20 mg/kg ADC dose. Four animals were dosed with 
trastuzumab-1, trastuzumab-2 or vehicle and sampled for hematology markers. 



 

ADC construction may improve the efficacy and safety due 
to its high serum stability. 
Construction of serum-stable DNA-protein conjugates 
via SSF-Cys conjugation 

 Recently, DNA-protein conjugates are widely used in 
diversified biomedical applications, e.g., cellular indexing of 
transcriptomes and epitopes (CITE-seq) at single cell 
level[28] and DNA-PAINT based super-resolution imaging[29]. 

Figure 6. Construction of site-specific DNA-protein conjugates by SSF-ssDNA and the application of Nb-PD-L1 ssDNA in single-cell 
RNA sequencing. A) Modification of 5’-amino ssDNA with SSF-NHS. B) Scheme of protein modification with SSF-ssDNA probes. C) 
Deconvoluted mass spectra for DNA-protein conjugates constructed via 20nt SSF-ssDNA or 59nt SSF-ssDNA probes. D) LC-MS based 
conjugate integrity study of Nb-PD-L1-20ntssDNA in the presence of 10% human serum with deconvoluted mass spectra of samples 
taken at specified time points.  (E) Schematic overview of Nb-PD-L1-ssDNA enabled CITE-seq for detecting targeted cells at single 
cell level with transcriptome. (F) Transcriptome-based clustering of single-cell expression profiles. Cyan: Jurkat; red: A549; green: 
JIMT-1; violet: MDA-MB-231. (G) Relative intensity of Nb-PD-L1-ssDNA targeting superimposed on the UMAP projections shown in 
(F). (H) Violin plot describing mRNA expression level of PD-L1 (CD274) in the four cell lines. (I) Violin plot describing scaled (z-score) 
normalized UMI counts of the 59nt-ssDNA barcode (Nb-PD-L1 binding intensity) in the four cell lines.. 



 

Readily available Cys-reactive oligonucleotides (oligos) are 
preferred in preparing DNA-protein conjugates. However, 
maleimide modified ssDNA has shown to be instable for 
long-time storage. To demonstrate the advantage of SSF in 
making stable Cys-reactive ssDNA probe， we synthesized 
SSF-NHS ester (structure in SI) and used this bifunctional 
cross-linker to successfully modify the 5’ NH2 labeled 
ssDNA probe (Fig. 6A). Compared to maleimide-ssDNA, 
SSF-ssDNA was quite stable in alkaline buffer at 37 ℃ (Fig. 
S13). With the stable and readily reactive 5’ SSF modified 
ssDNA on hand, we tried to label proteins of GFP, neo-2 and 
Nb-PD-L1 with a 20nt ssDNA probe. Successful modification 
of DNA-protein conjugates was characterized as a single 
product by LC-MS on all of these proteins (Fig. 6B-C). As a 
nanobody-DNA conjugate, Nb-PD-L1-ssDNA has much 
smaller size than antibody-DNA conjugate and could be 
potentially used for the purpose of targeted delivery of oligo 
drugs or signal-amplifiable antigen detection in deep tissue. 
Thus, we incubated this conjugate in PBS buffer contains 10 % 
human serum at 37 ℃ to determine its potential serum 
stability. LC-MS and SDS-PAGE analysis at different time 
points demonstrates that Nb-PD-L1-ssDNA is stable in the 
presence of human serum, even after 72h treatment (Fig. 
6D, Fig. S14). CITE-seq is a single-cell sequencing based 
multiomic technique that allows the simultaneous detection 
of cell surface epitopes and transcriptomes at the single-cell 
level[5c-e]. In this platform, the ssDNA barcoded antibody 
that binds to the corresponding epitopes on cell surface 
could be detected in the commercial single-cell RNA 
sequencing (scRNA-seq). To demonstrate SSF enabled 
nanobody-DNA conjugate could be used in CITE-seq, we 
labeled Nb-PD-L1-ssDNA with a 59nt ssDNA barcode for 
detecting PD-L1 (Fig. 6C, 6E). A cell mixture of Jurkat, A549, 
JIMT-1 and MDA-MB-231 was stained with Nb-PD-L1-
ssDNA and then subjected to the scRNA platform. Following 
common data processing procedure, we obtained a total of 
8301 cells in final scRNA-seq dataset. We identified clusters 
in gene expression space according to known markers for 
Jurkat, A549, JIMT-1 as well as MDA-MB-231 cells (Fig. 6F, 
gene markers in Fig. S15). Projection of the Nb-PD-L1 
barcode onto gene expression space was performed 
according to the unique molecular identifier (UMI) of the 
same cell (Fig. 6G). The PD-L1 antigen that could be 
targeted by this clonotype of nanobody was further 
quantified over four types of cells and summarized as 
shown in the violin plot, showing that JIMT-1 was the most 
targeted cell type by Nb-PD-L1 while Jurkat was the least 
targeted (Fig. 6I). By contrast, the mRNA encoding PD-L1 
(CD274) showed neglectable signal and there was no 
significant difference between these cells (Fig. 6H), which 
might account to the low transcription under no stimulation. 
These results prove that SSF enabled Nb-PD-L1-ssDNA 
conjugate could help to identify targeted cell in scRNA-seq, 
which might be ignored when analysis is performed only 
according to the gene transcription. 

CONCLUSION 

In summary, we present SSF as a novel cysteine-
specific bioconjugation reagent for the construction of 
diversified protein conjugates. Compared to maleimide, SSF 
displayed a balanced performance, or so-called “sweet spot”, 

in the context of reactivity, selectivity and stability. In 
addition, the SO2F group on the conjugate is stable in serum 
or GSH treatment. Although maleimide derived MAs or 
other type of electron-poor labeling reagents have been 
developed for stable protein conjugates construction[17c, 17h, 

30], novel MAs with unique molecular structure, good self-
stability and simple procedure of synthesis are still 
required. We believe that the discovery of SSF not only 
provides an important alternative approach to label protein 
specifically, but also expand the fragmental library for 
developing Cys-specific covalent inhibitors[31]. 
Noteworthily, the unexpected reactivity inconsistency on 
peptides and proteins inspires us to characterize reactions 
directly on proteins in the future, which may open the door 
of rediscovering protein chemistries from those misplaced 
reagents. 

Since SSF is a near perfect MA for Cys-specific protein 
bioconjugation, we also show the great performance of SSF 
in functional protein conjugates construction as well as 
biomedical applications. ADCs with high DAR ratios (3.2 or 
7.2) were successfully constructed from native antibodies 
with minimal SSF-toxin excesses in one-pot (Fig 5, Fig S16). 
Subsequent comprehensive comparisons show the great 
stability of the SSF derived ADC in human serum as well as 
its improved efficacy and safety in animal model. 
Meanwhile, SSF also allows the construction of DNA-protein 
conjugates via the readily reactive SSF-DNA probe in one-
step, even when using a 59nt SSF-functionalized oligo 
barcode. Since the Nb-PD-L1 used here has been developed 
as the first subcutaneously administrated checkpoint 
inhibitor Envafolimab (KN035) in clinic[32], this Nb-PD-L1-
ssDNA conjugate could potentially find broad applications 
for the ex vivo detection of targeted cells at the single-cell 
level in clinical tissue samples.SSF-Cys is stable in GSH 
treatment, we believe that trastuzumab-1 could show 
higher stability than trastuzumab-2. To prove that under 
clinically relevant conditions, we next evaluated their 
stability in human plasma in vitro (Fig. 7D-E, Fig. S10-11). 
ADCs were incubated with human serum at 37°C for 7 days. 
After incubation, 90% of trastuzumab-1 was still stable, 
while more than 70% of trastuzumab-2 lost their payload. 
These plasma stability data confirm the exquisite stability 
of trastuzumab-1.  
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