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Abstract 

Conventional antibody-drug conjugates (ADCs) are heterogeneous mixtures that have poor 

pharmacokinetic properties and decreased efficacy relative to homogenous ADCs. Furthermore, 

ADCs that are maleimide-based often have inadequate circulatory stability, which can result in 

premature drug release with consequent off-target toxicities. Selenocysteine-modified antibodies 

have been developed that allow site-specific antibody conjugation, yielding homogeneous ADCs. 

Herein, we survey several  electrophilic functional groups that react with selenocystine with high 

efficiency. Several of these result in conjugates with stabilites that are superior to maleimide 

conjugates. Among these, the allenamide functional group reacts with notably high efficiency, 

leads to conjugates with remarkable stability, and shows exquisite selectivity for selenocysteine 

conjugation.    
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Introduction 

Antibody-drug conjugates (ADCs) hold remarkable promise as cancer chemotherapeutic agents. 

The approval of brentuximab vedotin
1
 and ado-trastuzumab emtansine

2
 by the FDA for the 

treatment of relapsed Hodgkin’s lymphoma and HER2
+
 breast cancer, respectively, has renewed 

interest in ADCs.
3-5

 While these two ADCs have been moderately successful, there remains room 

for improvement. First, the drugs are conjugated using hinge cysteine (Cys) and surface lysine 

residues, respectively, but owing to the abundance of these residues in antibody molecules, 

heterogeneous mixtures of ADCs result.
6
 The heterogeneity convolutes pharmacokinetic studies 

and diminishes their therapeutic indices.
7
 Secondly, the ADCs contain a thiol-succinimide unit 

known to hydrolyze in aqueous media, introducing more heterogeneity.
8, 9

 In addition, the 

currently approved conjugates may undergo a retro-Michael elimination resulting in premature 

release of the cytotoxic drugs; this also produces a maleimide-based drug that can react with 

plasma thiols. 10-12
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  To address these issues, several groups are pursuing site-specific antibody conjugation. 

Published strategies toward the goal of site-specific conjugation fall into four main categories: 

introducing reactive cysteines
7, 13, 14

, incorporating unnatural amino acids
10, 15, 16

, enzymatic 

engineering of antibodies,
17-19

 and incorporating natural amino acids with bio-orthogonal 

reactivities.
20-22

 Using the fourth strategy, we have incorporated selenocysteine (Sec), the 21
st
 

natural amino acid, into antibodies.
23, 24

 Compared to its cysteine counterpart (pKa = ~ 8), Sec has 

a lower pKa (~ 5) and enhanced nucleophilicity, which permits selective Sec conjugation in the 

presence of cysteines and other natural amino acids.
25

 Based on this property, we have introduced 

a unique class of selenocysteine (Sec)-modified antibodies (SELENOMABS) that allow site-

specific antibody modification leading to homogeneous ADCs.
26, 27

 Furthermore, we 

demonstrated that SELENOMAB-oxadiazole conjugates had enhanced stability relative to 

maleimide counterparts.
26

 We subsequently incorporated two selenocysteine residues into one 

antibody
28

 for increased drug loading and also successfully labeled antibodies with two different 

reporter groups via engineered Cys and Sec residues.
29

 In our efforts to expand the utility and 

applications of Sec-modified proteins in general, we surveyed the conjugation efficiencies of 

selenocysteine with a variety of electrophilic functional groups and determined the stability of the 

resulting conjugates. Herein, we identify allenamides as particularly interesting reagents for Sec 

conjugation as they efficiently react with Sec to produce stable adducts and permit the 

development of site-specific SELENOMAB conjugates. 

 

Results and Discussion 

In order to probe the stability profile of Sec adducts, we synthesized protected selenocystine 1 as 

a model substrate (Scheme 1).  
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Scheme 1 Synthesis of bis-N-benzoyl-selenocystine-dibenzamide. 

 

Commercially available L-selenocystine 2 was protected as bis tert-butyl carbamate 3, which was 

coupled with benzyl amine to give bis-Boc-selenocystine-dibenzylamide 4. The Boc protecting 

groups were removed with HCl in dioxane and the resulting hydrochloride salt 5 was coupled 

with benzoyl chloride to give model substrate 1. We next examined conditions that would enable 

diselenide 1 to react with phenyloxadiazolyl sulfone (ODA) 6 and other electrophilic reagents 7-

10 (Scheme 2). The optimal conditions deriving from this survey involved first reducing a 

solution of diselenide in EtOH with NaBH4 at 0 °C, before adding pH 5.2 NaOAc buffer and 

substrate. The reaction with 6 was complete after 2 h at 0 °C as determined by 
1
H NMR analysis 

of the crude product. Using these conditions, we surveyed the reaction of diselenide 1 with the 

other electrophilic groups summarized in Fig. S1 (Supporting Information) that have been used in 

cysteine conjugation.
30-32

 Reactive probes that showed highest conversion are 6, 7, 9, and 10 

(Scheme 2). 

 

Scheme 2 Conjugation of selenocysteine to select reactive probes. 
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It is interesting to note that benzothiazolyl sulfone (BTA) 7 reacted with comparable efficiency to 

phenyloxadiazolyl sulfone (ODA) 6 with diselenide, unlike with cysteine as described by Toda et 

al.
30

 This is presumably due to the increased nucleophilicity of Sec compared to Cys.  

Next, we investigated the stability of the selenocysteine adducts 11-15 (Scheme 2) under 

several conditions (Fig. 1). Sec-MAL 13 was included for comparison. Under mildly acidic 

conditions, Sec-ODA 11, Sec-BTA 12 and Sec-allene (Sec-ALL) 15 (Scheme 2) adducts were 

stable with minor degradation (Fig. 1, blue bars). However, Sec-MAL 13 and Sec-iodoacemide  

(Sec-IAM) 14 adducts degraded significantly at pH 5.2 under these conditions. Analogous trends 

were observed under basic and oxidizing conditions where ≥ 60% of Sec-ODA 11, Sec-BTA 12, 

and Sec-ALL 15 remained after 72 h while less than 60% Sec-MAL 13 and Sec-IAM 14 

remained under these conditions (Fig. 1, red and green bars). In fact, Sec-MAL 13 and Sec-IAM 

14 were completely degraded under basic conditions and in the presence of hydrogen peroxide, 

Fig. 1 Stability evaluation for selenocysteine conjugates. Blue: 1 mL THF, NaOAc buffer pH 5.2 (3:1), 

rt, 3 days. Red: K2CO3 (4 equiv.), 1 mL THF, H2O (3:1), rt, 3 days. Green: H2O2 (5 mM), 1 mL THF, 

pH 7 buffer (3:1), rt, 3 days. Purple: Glutathione (20 µM), 1 mL THF, PBS buffer pH 7.4 (3:1), 37 °C, 

3 days. % Remaining shown as mean ± standard deviation from three independent experiments. 
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respectively. The main species observed from the treatment of Sec-MAL 13 with K2CO3 were 

hydrolyzed benzyl maleimide 16 (Scheme 3), diselenide 1, and N-benzoyl dehydroalanine benzyl 

amide 17. These compounds are consistent with the observed modes of chemical instability for 

maleimide-based conjugates (i.e. retro-Michael elimination and hydrolysis in aqueous media).
10-12

  

 

 

Scheme 3 Stability of Sec-MAL 13 and Sec-IAM 14 in K2CO3 and H2O2, respectively. % Remaining 

determined by LC-MS. 

 

 Subsequently, we studied the stability of our conjugates under physiologically relevant 

conditions. The presence of thiol containing compounds in plasma has been implicated in in vivo 

degradation of maleimide-cysteine conjugates.
12

 The source of this instability includes a retro-

Michael reaction of the conjugate resulting in a reactive maleimide group. Human serum albumin 

and glutathione are capable of reacting with reactive maleimides formed from this process.
10-12

 It 

also seemed conceivable that adducts such as Sec-ODA 11 and Sec-BTA 12 could be unstable 

due to competing nucleophilic aromatic substitution reactions. As such, we wanted to examine 

the stability of our selenocysteine adducts in the presence of glutathione. We incubated Sec-

adducts with reduced glutathione using the upper limit of extracellular concentration (20 µM),
33

 

in PBS buffer, at 37 °C, for 3 days and the results are shown in Fig. 1 (purple bars). Again, Sec-

ODA 11, Sec-BTA 12 and Sec-ALL 15 were the most stable with ≥ 70% remaining while Sec-

MAL 13 (32% remaining) and Sec-IAM 14 (60% remaining) were considerably less stable under 

these conditions.  
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In addition to stability in the presence of glutathione, we also assessed the stability of 

Sec-adducts in human plasma at 37 °C. A comparison between the stability of a SELENOMAB-

maleimide conjugate and a SELENOMAB-oxadiazole conjugate has been discussed elsewhere, 

where the latter was shown to be significantly more stable than the former.
26

 As such, the Sec-

MAL 13 conjugate was not included in this study. Of the remaining adducts, Sec-ODA 11 was 

the least stable (t1/2 < 24 h) (Fig. 2, blue line). In a manner analogous to the cysteine adducts, Sec-

BTA 12 was more stable in plasma than Sec-ODA 11 with a half-life of 33 h. Sec-IAM 14 was 

next most stable in plasma (t1/2 = 77 h, calculated with Excel) and Sec-ALL 15 was the most 

stable of these adducts (t1/2 = 139 h). 

  

Due to the excellent robustness of Sec-ALL 15 from this stability profile, the allene 

carboxamide functional group may potentially be regarded as a compelling reactive handle for 

selenocysteine-based bioconjugation. While a fluorescein-oxadiazole sulfone probe (FL-ODA) 18, 

based on a phenyl oxadiazole coupling partner (Scheme 4) has been shown to selectively 

conjugate selenocysteine in antibody applications, the selectivity for allene conjugation with Sec 

Fig. 2 Stability evaluation of Sec-conjugates in human plasma. 50 µL of 4 mM substrate in DMSO was 

added to human plasma (950 µL) and incubated at 37 °C for 72 h. Aliquots were analyzed by LC-MS with 

dibenzyl benzamide as the internal standard.  
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is as of yet unknown.
26, 29

 However, the allene electrophiles have been shown to conjugate 

cysteine with high efficiency.
32

 In order to determine the selectivity of allene conjugation and 

establish whether allenes might be useful for SELENOMAB conjugation, we synthesized an 

allene-based fluorescein reactive probe 19 (Scheme 4, Fl-ALL). The synthesis commenced with 

the coupling of 3-butynoic acid (20) with tBoc-1,4-diaminobutane giving allene 21. 

Trifluoroacetic acid-mediated removal of the Boc protecting group followed by coupling with 5-

carboxyfluorescein provided the requisite allene probe 19.  

 

 

Scheme 4 Synthesis of allene-based fluorescent probe 19. 

 

 To test the conjugation selectivity of fluorescein-allene probe 19, selenocysteine-

modified trastuzumab scFv-Fc-Sec (SELENOMAB) was reduced with DTT (0.1 mM) in pH 5.2 

NaOAc buffer and the reduced antibody was allowed to react with Fl-ALL 19 for 2 h at room 

temperature (Fig. 3a). In parallel, trastuzumab scFv-Fc lacking selenocysteine (scFv-Fc) was also 

incubated with Fl-ALL 19. For each reaction, the reaction mixture was purified using size-

exclusion chromatography and analyzed by SDS-PAGE. The result showed that Fl-ALL 19 was 

selective for selenocysteine and did not react with any other functional groups on the antibody 

(Fig. 3b). Furthermore, reduced SDS-PAGE highlighted the stability of SELENOMAB-

fluorescein conjugate 23 (SFC-ALL, Fig. 3a) under reducing conditions (50 mM DTT) (data not 
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shown). Interestingly, oxadiazole-based SELENOMAB-fluorescein conjugate 24 (SFC-ODA, 

Scheme S1, Supporting Information) is degraded in reduced SDS-PAGE (data not shown).  

 

(a)  

 

(b) 

 

Fig. 3 (a) Conjugation of SELENOMAB or scFv-Fc to fluorescein-allene probe 19 (Fl-ALL). (b) Gel 

image of scFv-Fc and SELENOMAB reaction with Fl-ALL 19. 

  

We next evaluated whether our SELENOMAB-fluorescein conjugates retained antigen binding 

activity. We investigated the ability of our SELENOMAB-fluorescein conjugates to bind to 

HER2 receptors on the surface of SK-BR-3 breast cancer cells using flow cytometry. As shown in 

Fig. 4, SK-BR-3 cells incubated with allene-based 23 (SFC-ALL) and those incubated with 

oxadiazole-based 24 (SFC-ODA) SELENOMAB-fluorescein conjugates had a shift in 

fluorescence relative to background (cells incubated in PBS buffer). Also, the SELENOMAB-

fluorescein conjugates bound only to HER2 receptors since HER2-negative breast cancer MDA-

MB-468 cells showed no difference in fluorescence between those incubated in PBS and 

SELENOMAB-fluorescein conjugates (Fig. 4).  
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Finally, we wanted to examine the stability of SELENOMAB-fluorescein conjugates in 

plasma. The conjugates were incubated in human plasma at 37 °C for 3 days. Aliquots were 

collected at 0, 4, 8, 12, 24, 48, and 72 h and analyzed by SDS-PAGE. While the sulfone based 

conjugate 24 (SFC-ODA) was moderately stable with a half-life of about 12 h, the allene based 

conjugate 23 (SFC-ALL) was very stable with a half-life of over 28 days (Calculated with Excel 

using current data) (Fig. 5).  

Fig. 5 Allene and sulfone-based SELENOMAB-fluorescein conjugate stability in human plasma. 

SFC-ALL and SFC-ODA: allene-based and oxadiazolyl sulfone-based SELENOMAB-fluorescein 

conjugate, respectively. 
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–
 MDA-MB-468 cells. SFC-ALL: allene-based SELENOMAB-fluorescein conjugate; SFC-ODA: oxadiazolyl 
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Conclusion 

We demonstrated that heteroaryl sulfones, iodoacetamide, and allenamides are suitable 

for conjugation to selenocysteine with high conjugation efficiency. The heteroaryl sulfone and 

allenamide based conjugates were stable under a wide variety of conditions including 

physiologically relevant ones. The allenamide-based fluorescent probe was conjugated to 

SELENOMAB with remarkable chemo- and site selectivity. Furthermore, the resulting 

SELENOMAB-fluorescein conjugate was impressively stable in plasma. The allene functionality 

provides a way to generate stable, site-specific SELENOMAB conjugates with drugs, 

fluorophores, and contrast agents. Also, it offers another functional group that together with 

heteroaryl sulfones can be used for dual labeling of ADCs. 
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Graphical Abstract 

 

 

The allenamide functional group reacts with selenocysteine with notably high efficiency, leads to 

antibody conjugates with remarkable stability, and shows exquisite selectivity for selenocysteine 

conjugation.    
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