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Abstract: Site-selective, dual-conjugation approaches for the incorporation of distinct payloads are key for the development of molecularly targeted 
biomolecules, such as antibody conjugates, endowed with better properties. Combinations of cytotoxic drugs, imaging probes, or pharmacokinetics 
modulators enabled for improved outcomes in both molecular imaging, and therapeutic settings. We have developed an efficacious dual-bioconjugation 
strategy to target the N-terminal cysteine of a chemically-synthesized, third-generation anti-HER2 affibody. Such two-step, one-purification approach can be 
carried out under mild conditions (without chaotropic agents, neutral pH) by means of a slight excess of commercially available N-hydroxysuccinimidyl esters 
and maleimido-functionalized payloads, to generate dual conjugates displaying drugs (DM1/MMAE) or probes (sulfo-Cy5/biotin) in high yields and purity. 
Remarkably, the double drug conjugate exhibited an exacerbated cytoxicity against HER2-expressing cell lines as compared to a combination of two 
monoconjugates, demonstrating a potent synergistic effect. Consistently, affibody-drug conjugates did not decrease the viability of HER2-negative cells, 
confirming their specificity for the target. 

 

Introduction 

Development of methodologies for site-selective functionalization of 
proteins is an extremely active field that provides an ever-growing 
arsenal of strategies to design next-generation tools for both 
fundamental and biomedical research.[1] Dual functionalization 
approaches that allow to introduce two different types of cargos can 
tremendously amplify the scope of engineered proteins.[2] 
Conjugation of distinct moieties onto target proteins can be either 
carried out at two different sites, or at a single site.[2] The latter case 
can be particularly advantageous for targeted therapy and imaging 
applications – such as antibody conjugates – owing to the possibility 
of selecting an appropriate region for cargo derivatization, thus 
limiting potential interference phenomena that may disrupt target 
binding efficacy. Recent examples of antibody conjugates that have 
been derivatized with two different moieties in a single site include: 
a cytotoxic drug and a PEG chain as a pharmacokinetic modifier,[3] 
two different auristatin derivatives (MMAE and MMAF) to overcome 
drug resistance,[4] or a cyanine 5 derivative and a 18F-containing 
moiety as a dual-modality (PET/fluorescence) imaging tool.[5] 

Single-site dual conjugation of proteins has been carried out by 
means of three general approaches: (i) reactive linkers already 
functionalized with two cargos;[3] (ii) hetero-bifunctional linkers, 
pre-functionalized with a first cargo, that are reacted in a 
chemoselective manner to introduce the second cargo subsequently 
to protein conjugation;[6–10] (iii) hetero-trifunctional linkers.[11,12] 
Most of these strategies are directed towards the thiol group of 
solvent-exposed cysteine residues. 

Recently, increasing attention has been given to selective 
modifications involving N-terminal Cys residues (NCys).[13] Thanks 
to the binucleophilic nature of its 1,2-aminothiol group, NCys have 
been largely exploited for chemoselective ligations that engage both 
nitrogen and sulfur atoms. Reported NCys-directed strategies 
include reaction with aldehydes to yield thiazolidines,[14–18] with 
nitriles to yield thiazolines,[19–24] with maleimide derivatives to 
give thiazines,[25] and with N-hydroxy succinimide (NHS) acrylates 
to yield 1,4-thiazepan-5-ones.[26]  

With a focus on NCys-directed dual functionalization, we have 
been interested by ligation methods that would harness the 1,2-
aminothiol group while restoring the thiol functionality, thus 
enabling for the introduction of a second cargo at the same site. As 
additional prerequisites for an ideal dual-conjugation strategy, mild 
reaction conditions and readily available cargos are highly desirable. 
The Native Chemical Ligation (NCL)[27] developed by Kent is among 

the most employed chemoselective reactions that take place at the 
NCys to form a native amide bond, while liberating the cysteine thiol 
group once ligation has occurred.[28] It involves a 
transthioesterification between a thioester and the NCys thiol, to 
form a transient intermediate that rearranges via an S-to-N acyl shift. 
This approach requires the preparation of thioester-functionalized 
cargos, and has been employed to generate site-selective protein 
mono-conjugates,[29–31] as well as dual conjugates on short 
peptides,[32,33] via subsequent thiol-Michael addition with a 
maleimide moiety. Recently, Gao and co-workers reported a more 
sophisticated 2-step dual conjugation strategy that requires a N-
terminal “CIS” (Cys-Ile-Ser) tag in the target protein.[34] Reaction 
with a 2-cyanobenzothiazole-functionalized cargo yields an amidine 
in which the cysteine thiol group is amenable for further 
derivatization.[34]  

A remarkable improvement in terms of simplicity was reported 
by Cole and co-workers:[35–37] a straightforward methodology that 
exploits NHS esters for NCys-specific protein labeling (Scheme 1A). 
The scope of such approach resonates with the large-scale portfolio 
of commercially-available NHS-functionalized reagents, including 
drugs, imaging probes, and so on. Following treatment of a large 
excess of NHS-cargos (typically 50 to 500 equiv.) with a 100-fold 
amount of 2-mercaptoethanesulfonic acid (MESNA) to provide the 
corresponding thioesters, addition of 1 equiv. of NCys-protein yields 
monoconjugates via an NCL reaction.  

In this study, we have developed a simple strategy that allows for 
NCys-selective protein dual conjugation by means of common, 
commercially-available reagents such as NHS- and maleimido-
functionalized drugs and probes (Scheme 1B). Our 2-step process 
involves direct addition of a slight excess (1.2 equiv.) of the NHS-
moiety to the protein solution containing a thiol additive (4-
mercaptophenylacetic acid = MPAA); the formation of the 
corresponding thioester takes place in the reaction mixture with 
extremely fast kinetics, enabling for subsequent selective NCL-
mediated functionalization at the NCys. Following MPAA removal, 
the second step is carried out via thiol-Michael addition on a 
maleimide, to generate protein dual conjugates in excellent yields. 
Our synthetic strategy capitalizes on markedly reduced amounts of 
NHS and maleimide reagents, which despite being readily available 
in the market, can become extremely expensive when large excesses 
of sophisticated cargos are used for bioconjugation purposes.  

We demonstrated the efficiency of our approach by generating 
dual-functionalized derivatives of an anti-HER2 affibody[38]  
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Scheme 1. (A) NCys-specific protein mono conjugation via thioester pre-formation described by Cole and co-workers (Ref. [35–37]). (B) Our proposed strategy 
for NCys-selective protein dual conjugation using NHS- and maleimido-functionalized cargos. 

displaying either cytotoxic drugs or biochemical probes, and 
validated the resulting conjugates on cells expressing the clinically-
relevant HER2 receptor. 

 

Results and discussion  

Design and synthesis of NCys-affibody dual conjugates  

Affibody (Afb) proteins are engineered affinity ligands based on the 
three-helical-bundle Z domain, a stabilized version of the B domain 
of staphylococcal protein A.[39] This small protein scaffold (58 amino 
acids) was selected according to its excellent biophysical properties 
(high melting temperature, reversible and rapid folding, extended 
binding surface, high solubility in aqueous solutions) and for its ease 
of production in Escherichia coli.[40–43] Phage display[44] 
approaches allowed for the generation of Afb proteins with 
nanomolar-to-picomolar affinities towards a spectrum of biological 
targets,[45–47] including human epidermal growth factor receptor 2 
(HER2),[48,49] epidermal growth factor receptor (EGFR),[50,51] 
tumor necrosis factor α (TNFα)[52,53] and amyloid-β (Aβ) 
peptide.[54,55] The Afb scaffold is devoid of Cys residues, allowing 
for site-specific modifications upon introduction of a unique 
cysteine. Mono-functionalized Afb constructs displaying cytotoxic 
payloads, radiotracers and optical imaging probes have been built via 
either C-terminal[56–62] or N-terminal[63,64] cysteine 
functionalization. In this study, we aimed to implement our NCys-
selective dual functionalization strategy to generate unprecedented 
Afb constructs that display two different cargos at the same site.  

We started from the ZHER2:2891 Afb (1) sequence,[38] a second-
generation anti-HER2 Afb in which mutation of 11 amino acid 
residues, located in the non-binding surface of the parent ZHER2:342 
Afb, led to increased hydrophilicity and stability.[38] With the aim to 
further optimize the chemical stability of Afb 1, we first generated 
two new variants via solid-phase peptide synthesis: 2 (M9Nle), 
replacingmethionine-9 with isosteric norleucine, and 3 (D37E), 
replacing aspartate-37 with glutamate (Fig. 1A). In the first case, 
Met→Nle mutation avoids the formation of the methionine 
sulfoxide by-product arising from oxidation,  a problem encountered 
upon storage of purified 1 in non-deoxygenated solutions. 
Remarkably, despite Met9 being located in the interacting surface of 
ZHER2:342 with HER2 (Fig. S16, Supporting Information), Afb 2 exhibited 
a higher affinity (KD = 55 pM) compared to 1, and a higher melting 
temperature (Tm = 72 °C) (Fig. 1C). In the second case, the Asp-Pro 
peptide bond is known to undergo acidolysis,[65] in particular upon 
standing in TFA-containing HPLC buffers.[66] While not being directly 
involved in HER2 binding, Asp37 contributes to the stability of 
ZHER2:342 tertiary structure via hydrogen bonding with Ser39 (Fig. S17, 

Supporting Information). Biophysical assays on Afb 3 showed 
increased binding affinity (60 pM) compared to 1, similar to what was 
observed for Afb 2 ; but also had a reduced melting temperature (Tm 
= 64 °C) (Fig. 1C). We then generated the double-mutant Afb 4 
(M9Nle/D37E) and we observed that not only was the Tm comparable 
to that of the original ZHER2:2891 Afb 1 (67 vs 69 °C), but Afb 4 affinity 
for HER2 was additionally increased ≈ 3-fold (33 pM) (Fig. 1C), thus 
validating this third-generation anti-HER2 Afb sequence. 
En route to our selective, dual functionalization strategy, we 
synthesized Afb 5 (Fig. 2), the N-terminal cysteine (NCys)-containing 
version of Afb 4 (Page S17, Supporting Information).  
We first optimized our 2-step dual NCys conjugation protocol to 
generate bis-conjugate 7a, derivatized with two different cytotoxic 
cargos; a maytansinoid drug (DM1) and an auristatin (MMAE) 
prodrug. In the latter case, the presence of an enzymatically-
cleavable Val-Cit motif, in tandem with the self-immolative PAB 
(para-aminobenzyloxycarbonyl) linker, allows the release of the 
active MMAE form in presence of lysosomal cysteine protease 
cathepsin B.[67] DM1-SMCC NHS ester and Val-Cit-PAB-MMAE 
maleimide were chosen for this study because they are the reagents 
used to synthesize two of the first approved antibody-drug 
conjugates therapeutics, trastuzumab emtansine (Kadcyla®) and 
brentuximab vedotin (Adcetris®). 

Afb 5 was solubilized under anaerobic conditions at 1 mM 
concentration in phosphate buffer (final pH = 6.6), in the presence of 
100 mM MPAA and 50 mM tris-carboxyethylphosphine (TCEP) to 
maintain a reductive environment and avoid disulfide formation via 
oxidation. Then, 1.2 equiv. of DM1-SMCC-NHS were added, and the 
reaction mixture was incubated at 37 °C overnight (Fig. 2). As shown 
by HPLC analysis in  Fig. 2 ,  the initial step proceeded cleanly towards 
the formation of mono-adduct 6a without the need to pre-form 
DM1-SMCC-thioester. This is due to the extremely fast kinetics of in-
situ MPAA thioester generation upon addition of DM1-SMCC-NHS to 
the reaction mixture, accounting for complete conversion in < 5 sec 
(Fig. S8, Supporting Information), thus preventing non-selective 
reactions of the NHS ester with the protein amino groups. Upon 
completion of step 1, the reaction medium was diluted with AcOH, 
and ice-cold Et2O was added to induce Afb precipitation, allowing the 
efficient removal of both MPAA and residual DM1-SMCC-thioester 
via washing. The resulting pellet was re-solubilized at 1 mM in 
phosphate buffer (pH = 7.7), and reaction step 2 was carried out by 
adding 1.0 equiv. of maleimide (i.e. MMAE-PAB-Cit-Val-maleimide), 
which was completely converted to the desired dual-functionalized 
Afb 7a within 1 h at room temperature (Fig. 2). A single final HPLC 
purification yielded pure 7a in 40% yield. In order to exemplify the 
scope of the methodology with very diverse cargos, a similar protocol 
was used to generate bis-conjugate 7b using biotin-PEG4-NHS and 
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Figure 1. (A) Sequences of anti-HER2 affibody (Afb) molecules ZHER2:342 (Ref. [68]), ZHER2:2891 (1), ZHER2:2891M9Nle (2), ZHER2:2891D37E (3), ZHER2:2891M9Nle/D37E (4). X 
stands for a norleucinyl (Nle) residue (B) Solution structure of ZHER2:342 (PDB 2KZJ, ref. [69]) with its three helices highlighted in blue (helix 1), orange (helix 2), 
and green (helix 3). (C) Table summarizing biophysical analyses carried out on sequences 1–4. [a] association rate constant (ka), dissociation rate constant (kd), 
and steady state affinity (KD) measured on HER2 ectodomain via surface plasmon resonance (Page S16, Supporting Information); affinity values for ZHER2:2891 (1) 
in agreement with the literature (76 pM, Ref. [70]) ; [b] melting temperature (Tm) measured via circular dichroism (Page S13, Supporting Information ), in 
agreement with the literature (67 °C, Ref. [69]).  

 
 

 
Figure 2. NCys-selective dual functionalization on anti-HER2 Afb 5 to generate dual conjugates 7a (DM1/MMAE) and 7b (biotin/sulfo-Cy5).Conditions [a]: 100 
mM 4-mercaptophenylacetic acid (MPAA), 50 mM TCEP∙HCl, 200 mM phosphate buffer (pH = 6.6), 37 °C (for 6a, 40% volume in NMP was used to solubilize 
DM1-SMCC-NHS). Conditions [b]: 200 mM phosphate buffer (pH = 7.7), RT (for 7a, 40% volume in NMP was used to solubilize MMAE-PAB-Cit-Val-maleimide). 

RP-HPLC chromatograms ( = 214 nm) showing the two-step synthesis of 7a (See pages S19-S20 for detailed procedure, Supporting Information). DM1-SMCC-
NHS and DM1-SMCC-containing  affibodies show two closely eluted peaks due to the presence of two diastereoisomers. 

ZHER2:2891 (1) H-AEAKYAKEMRNAYWEIALLPNLTNQQKRAFIRKLYDDPSQSSELLSEAKKLNDSQAPK-NH2

ZHER2:342 H-VDNKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPK-NH2

ZHER2:2891M9Nle (2) H-AEAKYAKEXRNAYWEIALLPNLTNQQKRAFIRKLYDDPSQSSELLSEAKKLNDSQAPK-NH2

ZHER2:2891D37E (3) H-AEAKYAKEMRNAYWEIALLPNLTNQQKRAFIRKLYDEPSQSSELLSEAKKLNDSQAPK-NH2

ZHER2:2891M9Nle/D37E (4) H-AEAKYAKEXRNAYWEIALLPNLTNQQKRAFIRKLYDEPSQSSELLSEAKKLNDSQAPK-NH2
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sulfo-cyanine5-maleimide (37% isolated yield) (Page S25, Supporting 
Information). 

Biological evaluation on HER2-expressing cells  

With our dual affibody conjugates 7a and 7b in hand, we next sought 
to validate their functionality through cellular assays.  

First, HEK 293 cells were transfected to express the HER2 
receptor fused with a green fluorescent protein (GFP) on its  

intracellular C-terminus (Fig. 3A); western blot analysis confirmed 
cell transfection, and the absence of endogenous HER2 receptor on 
non-transfected cells (Fig. 3B, and Fig S18, Supporting Information). 
Next, dual affibody conjugate 7b, displaying a biotin tag and a sulfo-
cyanine 5 (Cy5) fluorophore was used to carry out flow cytometry 
assays on both HEK 297 cells, and transfected ones, referred to as 
HER2(-) and HER2(+), respectively.  

Upon incubation with 7b (50 nM), only transfected cells (Fig. 3C, 
right panel) induced increased signals relative to both GFP (488 nm 
laser, 530/30 nm band pass filter) and Cy5 (633 nm laser, 670/30 nm 
band pass filter), in sharp contrast with HEK 293 (Fig. 3C, left panel). 
In figure 3D, Cy5 fluorescence readouts from the above experiment 
were plotted against concentrations of 7b added to HER2(+) (filled 
circles) and HER2(-) (hollow circles); indicating a dose-response 
behavior only for the positive cell line. Flow cytometry analysis also 

indicated that about 40% of the cells have been transfected with 
HER2-GFP, thus conveniently allowing to run the negative control 
experiment concomitantly: population Q3 in Fig. 3C right panel 
corresponds to non-transfected cells that do not bind the anti HER2 
Afb, and Q2 to transfected ones that do. Absence of signals in the Q1 
region confirms that non-transfected cells do not bind 7b. 

In addition, we performed ELISA assays to probe the binding to 
HER2 by exploiting the biotin moiety displayed on 7b (Fig. 3E). For 
this, cells were seeded in multi-well plates and serial dilutions of 7b 
were added. Next, addition of streptavidin-HRP (horseradish 
peroxidase) conjugate followed by TMB (3,3',5,5'-
tetramethylbenzidine) substrate provided absorbance values that 
were fitted in a curve, from which we extrapolated an EC50 = 1.1 ± 
0.4 nM.[71] Having validated the binding properties of affibody 
construct 7a, we next sought to undertake functionality studies. 

 

 

Figure 3. (A) Cellular models employed for the biological characterization of affibody conjugates, abbreviated as HER2(-) and HER2(+). HEK 293 cells were 
transfected with a plasmid containing the sequence of HER2 gene fused to a green fluorescent protein (GFP) to obtain HER2(+) cells. (B) Western blot analysis 
for HER2 expression in HEK 293 cells and transfected ones using an anti-HER2 antibody. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) expression was 
used as a loading control and was detected with an anti-GAPDH antibody. (C) Flow cytometry analysis carried out on HER2(-) (left panel) and HER2(+) cells 
(right panel) with Afb conjugate 7b. (D) Increasing concentrations of 7b induced an increase of double-positive cells (Q2, see Fig. 3C and 3D), i.e. cells expressing 
HER2 (GFP signal) and labelled with affibody (Cy5 signal). (E) Binding of 7b has been confirmed by ELISA assays based on the streptavidin-biotin system. HER2(-
) and HER2(+) cells have been incubated with 7b and absorbance readouts detected in HER2(-) cells were subtracted from those obtained for HER2(+) cells. 

 

Antibody-drug conjugates (ADCs) displaying a dual cytotoxic 
cargo system are promising tools for anticancer therapy.[4,72–74] 
They hold the potential to address intratumor heterogeneity and 
multi-drug resistance through concomitant delivery of drugs 
endowed with complementary or synergistic activities. Seminal 
studies in tumor challenge models reported improved outcomes 
when ADCs loaded with both MMAE and MMAF auristatin 
derivatives were systematically compared with analogs displaying 
only one drug.[4,74] 
Various formats of anti-HER2 affibody conjugates displaying either 
MMAE or DM1 cytotoxic drugs have been reported,[57–61,64,75–
77] and to the best of our knowledge, no affibody conjugate 
displaying different drugs has been reported so far. Thus, we sought 

to exploit our dual DM1-MMAE-Afb conjugate 7a to perform in vitro 
viability assays with our HER2(+) and HER2(-) cellular models (Fig. 
3A). 

To coherently evaluate the interest of introducing a dual 
cytotoxic payload system, we synthesized DM1-Afb 8 (Page S29, 
Supporting Information) and MMAE-Afb 9 (Page S30, Supporting 
Information) mono-conjugates as controls.  

As a preliminary step, we performed viability assays on both 
HER2(+) and HER2(-) cells using unconjugated DM1 and MMAE 
drugs; the latter in its active form, devoid of the Val-Cit-PAB moiety 
(see Table S1, page S28, Supporting Information). This allowed us to 
define a reference maximal effect to subsequently evaluate the 
efficacy of our constructs (Fig. 4A). Co-incubation with equimolar 
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amounts of free drugs exerted comparable effects on both HER2(+) 
and HER2(-), confirming their expected non-selective cytotoxicity, 
regardless of HER2 expression (Fig. 4A). A clear dose-response was 
observed, with no significant increase of cell death by increasing the 
drug concentration from 50 nM to 1 µM, highlighting a cell 

subpopulation (≈ 40 %) resistant to the MMAE/DM1 combination. 
Consistently, minimum values of viability at 1 µM were taken as 
maximal effect for the next experiments. Under the same 
experimental conditions, we incubated HER2(+) and HER2(-) cells 
with increasing concentrations of dual conjugate 7a. 

 

 

Figure 4. Afb conjugates 7a, 8 and 9 and free DM1 and MMAE drugs (see Table S1, page S28, Supporting Information) were probed for their ability to inhibit 
cell proliferation of HER2(+) and HER2(-) models (Fig. 3A). (A) Determination of cell viability in HER2(+) and HER2(-) HEK 293 cells by Alamar Blue assay after 
treatment with admixed DM1 and MMAE in their free-from. Results expressed in percentage of total viability. (B) Activity induced by dual conjugate 7a versus 
admixed mono conjugates 8 and 9. Results expressed in percentage of the maximal effect, using the percentage of total viability at 1 μM concentrations 
displayed in graph 4A as reference (see also Fig. S19-S20, Supporting Information). (C) Activity induced by drug conjugates, administered either alone (7a, 8, 
9) or combined (8 + 9) at 1 μM concentrations. Statistical significance was assessed using one-way ANOVA analysis with post-hoc Tukey’s HSD test (***p ≤ 
0.001). 

 

In parallel, to evaluate if the combination of DM1 and MMAE in 
dual conjugate 7a resulted in a synergistic effect, DM1-Afb 8 and 
MMAE-Afb 9 were administered at concentrations designed to 
match the molar amounts of the individual drugs in 7a (Fig. 4B). For 
HER2(+) cells, the activity of dual conjugate 7a appeared to be 
related (at 1 µM) to the activity exerted by equimolar concentrations 
of unconjugated drugs (see also Fig. S20, Supporting Information). In 
contrast, 7a activities on HER2(-) cells were close to baseline values 
(Fig. 4B, red curves). Remarkably, dose-response curves involving 
HER2(+) cells suggested a synergistic effect between  the two drugs 
when conjugated to a single Afb (7a), compared to HER2(+) cells 
treated with a combination of 8 and 9 (Fig 4B, red versus black 
continuous curves). The extent of maximal effect for the complete 
battery of conjugates at 1 μM concentration towards positive and 
negative cell lines confirmed the selectivity of all affibody-drug 
conjugates (Fig. 4C).  

In our model, DM1-Afb 8 displayed increased activity compared 
to MMAE-Afb 9; while co-incubation with 8 and 9 did not significantly 
enhance the ability to selectively kill HER2(+) cells with respect to 9 
alone (Fig 4C). Strikingly, activity of dual conjugate 7a was not only 
superior to that of singularly-administrated conjugates 8 and 9, but 
also when the two mono-functionalized conjugates were combined 
together, revealing a synergistic effect for the selective killing of 
HER2-expressing cells. 

Conclusions 

Overall, we reported a simple synthetic strategy to utilise NCys 
for single-site double bioconjugation that enables the rapid 
derivatization of proteins with distinct payloads by means of 
reduced molar amounts of commercially-available reagents. 
Our two-step, one purification approach can be carried out 
under mild conditions and reactions proceeded cleanly, 
enabling the isolation of target conjugates with high isolated 
yields. 
 We have applied this methodology to an anti-HER2 affibody 
protein scaffold, that we optimized to increase chemical 
stability by means of two point mutations, affording a third- 
generation affinity ligand that displayed ≈ 3-fold increased 
affinity for its target, while maintaining comparable thermal 
stability. 
 Biological characterization of our small set of affibody 
conjugates on cellular models, consisting of HEK 293 cells and 
the same cell line transfected with the HER2 ectodomain fused 
to a green fluorescent protein, allowed us to validate the 
functionality of both sulfo-cyanine 5 and biotin moieties 
displayed by conjugate 7b for fluorescent staining and binding 
studies. Cell viability assays confirmed the specificity of all 
affibody drug conjugates, revealing a synergistic effect for dual 
affibody 7a, displaying simultaneously the maytansinoid (DM1) 
drug, and the auristatin-derived (MMAE) prodrug. 
 In conclusion, the present study provided a facile but 
powerful synthetic strategy that will be a valuable addition to 
the increasing arsenal of single-site, dual modification toolkit to 
engineer proteins as next-generation conjugates for 
fundamental and biomedical research. 

DM1-MMAE-Afb (7a) DM1-Afb (8) MMAE-Afb (9)

B) C)A)

0

20

40

60

80

100

Log concentration (M)

V
ia

b
il
it

y
(%

)

DM1 + MMAE, HER2(+)

DM1 + MMAE, HER2(-)

-10 -8 -6 -10 -8 -6

0

20

40

60

80

100

Log concentration (M)

M
a
x
im

a
l 
e
ff

e
c
t

(%
)

7a, HER2(+)

7a, HER2(-)
8 + 9, HER2(+)

0

50

100

M
a
x

im
a
l 

e
ff

e
c
t

(%
)

7a, HER2(+)

7a, HER2(-)

8 + 9, HER2(+)

8 + 9, HER2(-)

8, HER2(+)

8, HER2(-)

9, HER2(+)

9, HER2(-)

✱✱✱ ns



6 

Author Contributions 

V.A. and F.L. conceived the project; V.A. and C.P. coordinated the 
project. S.M.-L. supervised the cellular biology experiments; S.B. 
supervised the SPR experiments; F.K. performed the synthesis and 
purification of affibodies 1-4, their analyses by circular dichroism, 
and performed preliminary exploration of dual conjugation; C.P. 
optimized the dual conjugation protocols and performed the dual 
conjugations described in the manuscript; A.N. performed all cellular 
biology experiments; C.P. wrote the manuscript and prepared figures 
with inputs from all authors; V.A., S.M.-L. and F.L. reviewed and 
edited the manuscript. 

Conflicts of interest 

S.B. and F.L. are employees of Laboratoires Servier. The remaining 
authors declare no competing interests. 

Data and materials availability 

Integrative experimental details are available in the Supporting 
Information file. 

Acknowledgements 

We warmly thank Dr. Ross Ballantine for proofreading the 

manuscript, and Jean-Baptiste Madinier for assistance in 

peptide synthesis. We also thank Dr Cyril Colas and the MS 

subplatforms of the MO2VING IBiSA platform (CNRS Orléans) 

and of the FR2708 research federation for the HRMS analyses, 

as well as David Gosset and the P@CYFIC MO2VING 

subplatform for assistance with the FACS analyses. We 

gratefully acknowledge ANR for financial support including a 

PhD fellowship for Ana Novak (YDOBONAN project, ANR-20-

CE07-0034). This project has received funding from the 

European Union’s Horizon EUROPE research and innovation 

programme under the Marie Skłodowska-Curie grant 

agreement No 101066174 (project MirrorBody, post-doctoral 

fellowship for Carlo Pifferi).  

Abbreviations 

Afb: affibody 

Cy5: cyanine 5 

DM1: N2'-deacetyl-N2'-(3-mercapto-1-oxopropyl)-maytansine 

EGFR: epidermal growth factor receptor 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase  

GFP: green fluorescent protein 

HEK: human embryonic kidney 

HER2: human epidermal growth factor receptor 2 

MESNa: 2-mercaptoethanesulfonic acid 

MMAE: monomethyl auristatin E 

MMAF: monomethyl auristatin F 

MPAA: 4-mercaptophenylacetic acid 

NCL: native chemical ligation 

NCys: N-terminal cysteine 

NHS: N-hydroxysuccinimide 

PAB: para-aminobenzyloxycarbonyle 

PEG: polyethylene glycol 

PET: positron emission tomography 

SMCC: succinimidyl-trans-4-(maleimidylmethyl) cyclohexane-1-
carboxylate 

TNFα: tumor necrosis factor α 

 

Notes and references 

‡ These authors contributed equally to this work. 

[1] E.A. Hoyt, P.M.S.D. Cal, B.L. Oliveira, G.J.L. Bernardes, 

Contemporary approaches to site-selective protein 

modification, Nat. Rev. Chem. 3 (2019) 147–171. 

https://doi.org/10.1038/s41570-019-0079-1. 

[2] L. Xu, S.L. Kuan, T. Weil, Contemporary Approaches for 

Site-Selective Dual Functionalization of Proteins, Angew. 

Chemie - Int. Ed. 60 (2021) 13757–13777. 

https://doi.org/10.1002/anie.202012034. 

[3] R.P. Lyon, T.D. Bovee, S.O. Doronina, P.J. Burke, J.H. 

Hunter, H.D. Neff-Laford, M. Jonas, M.E. Anderson, J.R. 

Setter, P.D. Senter, Reducing hydrophobicity of 

homogeneous antibody-drug conjugates improves 

pharmacokinetics and therapeutic index, Nat. Biotechnol. 

33 (2015) 733–735. https://doi.org/10.1038/nbt.3212. 

[4] M.R. Levengood, X. Zhang, J.H. Hunter, K.K. Emmerton, J.B. 

Miyamoto, T.S. Lewis, P.D. Senter, Orthogonal Cysteine 

Protection Enables Homogeneous Multi-Drug Antibody–

Drug Conjugates, Angew. Chemie - Int. Ed. 56 (2017) 733–

737. https://doi.org/10.1002/anie.201608292. 

[5] K.A. Zettlitz, C.M. Waldmann, W.T.K. Tsai, R. Tavare, J. 

Collins, J.M. Murphy, A.M. Wu, A dual-modality linker 

enables site-specific conjugation of antibody fragments for 

18F-immuno-PET and fluorescence imaging, J. Nucl. Med. 

60 (2019) 1467–1473. 

https://doi.org/10.2967/jnumed.118.223560. 

[6] T. Wang, A. Riegger, M. Lamla, S. Wiese, P. Oeckl, M. Otto, 

Y. Wu, S. Fischer, H. Barth, S.L. Kuan, T. Weil, Water-soluble 

allyl sulfones for dual site-specific labelling of proteins and 

cyclic peptides, Chem. Sci. 7 (2016) 3234–3239. 

https://doi.org/10.1039/c6sc00005c. 

[7] S. Ariyasu, H. Hayashi, B. Xing, S. Chiba, Site-Specific Dual 

Functionalization of Cysteine Residue in Peptides and 

Proteins with 2-Azidoacrylates, Bioconjug. Chem. 28 (2017) 

897–902. 

https://doi.org/10.1021/acs.bioconjchem.7b00024. 

[8] C. Canovas, M. Moreau, C. Bernhard, A. Oudot, M. 

Guillemin, F. Denat, V. Goncalves, Site-Specific Dual 

Labeling of Proteins on Cysteine Residues with 

Chlorotetrazines, Angew. Chemie - Int. Ed. 57 (2018) 

10646–10650. https://doi.org/10.1002/anie.201806053. 

[9] E. Gil De Montes, E. Jiménez-Moreno, B.L. Oliveira, C.D. 

Navo, P.M.S.D. Cal, G. Jiménez-Osés, I. Robina, A.J. 

Moreno-Vargas, G.J.L. Bernardes, Azabicyclic vinyl sulfones 



7 

for residue-specific dual protein labelling, Chem. Sci. 10 

(2019) 4515–4522. https://doi.org/10.1039/c9sc00125e. 

[10] Y. Zhang, C. Zang, G. An, M. Shang, Z. Cui, G. Chen, Z. Xi, C. 

Zhou, Cysteine-specific protein multi-functionalization and 

disulfide bridging using 3-bromo-5-methylene pyrrolones, 

Nat. Commun. 11 (2020) 1015. 

https://doi.org/10.1038/s41467-020-14757-4. 

[11] A. Maruani, M.E.B. Smith, E. Miranda, K.A. Chester, V. 

Chudasama, S. Caddick, A plug-and-play approach to 

antibody-based therapeutics via a chemoselective dual 

click strategy, Nat. Commun. 6 (2015) 6645. 

https://doi.org/10.1038/ncomms7645. 

[12] R. Tessier, J. Ceballos, N. Guidotti, R. Simonet-Davin, B. 

Fierz, J. Waser, “Doubly Orthogonal” Labeling of Peptides 

and Proteins, Chem. 5 (2019) 2243–2263. 

https://doi.org/10.1016/j.chempr.2019.06.022. 

[13] N. Asiimwe, M.F. Al Mazid, D.P. Murale, Y.K. Kim, J.S. Lee, 

Recent advances in protein modifications techniques for 

the targeting N-terminal cysteine, Pept. Sci. 114 (2022) 

e24235. https://doi.org/10.1002/pep2.24235. 

[14] A. Bandyopadhyay, S. Cambray, J. Gao, Fast and selective 

labeling of N-terminal cysteines at neutral pH: Via 

thiazolidino boronate formation, Chem. Sci. 7 (2016) 4589–

4593. https://doi.org/10.1039/c6sc00172f. 

[15] H. Faustino, M.J.S.A. Silva, L.F. Veiros, G.J.L. Bernardes, 

P.M.P. Gois, Iminoboronates are efficient intermediates for 

selective, rapid and reversible N-terminal cysteine 

functionalisation, Chem. Sci. 7 (2016) 5052–5058. 

https://doi.org/10.1039/c6sc01520d. 

[16] D. Bermejo-Velasco, G.N. Nawale, O.P. Oommen, J. 

Hilborn, O.P. Varghese, Thiazolidine chemistry revisited: A 

fast, efficient and stable click-type reaction at physiological 

pH, Chem. Commun. 54 (2018) 12507–12510. 

https://doi.org/10.1039/c8cc05405c. 

[17] G. Mann, G. Satish, R. Meledin, G.B. Vamisetti, A. Brik, 

Palladium-Mediated Cleavage of Proteins with 

Thiazolidine-Modified Backbone in Live Cells, Angew. 

Chemie - Int. Ed. 58 (2019) 13540–13549. 

https://doi.org/10.1002/anie.201906545. 

[18] K. Li, W. Wang, J. Gao, Fast and Stable N-Terminal Cysteine 

Modification through Thiazolidino Boronate Mediated Acyl 

Transfer, Angew. Chemie - Int. Ed. 59 (2020) 14246–14250. 

https://doi.org/10.1002/anie.202000837. 

[19] H. Ren, F. Xiao, K. Zhan, Y.P. Kim, H. Xie, Z. Xia, J. Rao, A 

biocompatible condensation reaction for the labeling of 

terminal cysteine residues on proteins, Angew. Chemie - 

Int. Ed. 48 (2009) 9658–9662. 

https://doi.org/10.1002/anie.200903627. 

[20] G. Liang, H. Ren, J. Rao, A biocompatible condensation 

reaction for controlled assembly of nanostructures in living 

cells, Nat. Chem. 2 (2010) 54–60. 

https://doi.org/10.1038/nchem.480. 

[21] C.J. Peach, L.E. Kilpatrick, R. Friedman-Ohana, K. 

Zimmerman, M.B. Robers, K. V Wood, J. Woolard, S.J. Hill, 

Real-Time Ligand Binding of Fluorescent VEGF-A Isoforms 

that Discriminate between VEGFR2 and NRP1 in Living 

Cells, Cell Chem. Biol. 25 (2018) 1208-1218.e5. 

https://doi.org/https://doi.org/10.1016/j.chembiol.2018.0

6.012. 

[22] C. Nitsche, H. Onagi, J.P. Quek, G. Otting, D. Luo, T. Huber, 

Biocompatible Macrocyclization between Cysteine and 2-

Cyanopyridine Generates Stable Peptide Inhibitors, Org. 

Lett. 21 (2019) 4709–4712. 

https://doi.org/10.1021/acs.orglett.9b01545. 

[23] M. Zheng, F. Haeffner, J. Gao, N-Terminal cysteine 

mediated backbone-side chain cyclization for chemically 

enhanced phage display, Chem. Sci. 13 (2022) 8349–8354. 

https://doi.org/10.1039/d2sc03241d. 

[24] S. Ullrich, J. George, A.E. Coram, R. Morewood, C. Nitsche, 

Biocompatible and Selective Generation of Bicyclic 

Peptides**, Angew. Chemie - Int. Ed. 61 (2022) 

e202208400. https://doi.org/10.1002/anie.202208400. 

[25] I.N. Gober, R. Sharan, M. Villain, Improving the stability of 

thiol–maleimide bioconjugates via the formation of a 

thiazine structure, J. Pept. Sci. n/a (2023) e3495. 

https://doi.org/https://doi.org/10.1002/psc.3495. 

[26] M.J.S.A. Silva, H. Faustino, J.A.S. Coelho, M. V. Pinto, A. 

Fernandes, I. Compañón, F. Corzana, G. Gasser, P.M.P. 

Gois, Efficient Amino-Sulfhydryl Stapling on Peptides and 

Proteins Using Bifunctional NHS-Activated Acrylamides, 

Angew. Chemie - Int. Ed. 60 (2021) 10850–10857. 

https://doi.org/10.1002/anie.202016936. 

[27] P.E. Dawson, T.W. Muir, I. Clark-Lewis, S.B.H. Kent, 

Synthesis of proteins by native chemical ligation, Science 

(80-. ). 266 (1994) 776–779. 

https://doi.org/10.1126/science.7973629. 

[28] L. De Rosa, R. Di Stasi, A. Romanelli, L.D. D’andrea, 

Exploiting protein n-terminus for site-specific 

bioconjugation, Molecules. 26 (2021). 

https://doi.org/10.3390/molecules26123521. 

[29] T.J. Tolbert, C.H. Wong, New methods for proteomic 

research: Preparation of proteins with N-terminal cysteines 

for labeling and conjugation, Angew. Chemie - Int. Ed. 41 

(2002) 2171–2174. https://doi.org/10.1002/1521-

3773(20020617)41:12<2171::AID-ANIE2171>3.0.CO;2-Q. 

[30] I.E. Gentle, D.P. De Souza, M. Baca, Direct production of 

proteins with N-terminal cysteine for site-specific 

conjugation, Bioconjug. Chem. 15 (2004) 658–663. 

https://doi.org/10.1021/bc049965o. 

[31] G.K. Busch, E.W. Tate, P.R.J. Gaffney, E. Rosivatz, R. 

Woscholski, R.J. Leatherbarrow, Specific N-terminal protein 

labelling: Use of FMDV 3Cpro protease and native chemical 

ligation, Chem. Commun. (2008) 3369–3371. 

https://doi.org/10.1039/b806727a. 

[32] I. Hawala, L. De Rosa, S. Aime, L.D. D’Andrea, An innovative 

approach for the synthesis of dual modality peptide 

imaging probes based on the native chemical ligation 

approach, Chem. Commun. 56 (2020) 3500–3503. 

https://doi.org/10.1039/c9cc09980h. 

[33] L. De Rosa, I. Hawala, R. Di Stasi, R. Stefania, M. Capozza, D. 

Nava, L.D. D’Andrea, A Chemical Strategy for the 

Preparation of Multimodified Peptide Imaging Probes, J. 

Org. Chem. 88 (2023) 4546–4553. 

https://doi.org/10.1021/acs.joc.3c00014. 

[34] W. Wang, J. Gao, N, S-Double Labeling of N-Terminal 

Cysteines via an Alternative Conjugation Pathway with 2-

Cyanobenzothiazole, J. Org. Chem. 85 (2020) 1756–1763. 

https://doi.org/10.1021/acs.joc.9b02959. 



8 

[35] D.R. Dempsey, H. Jiang, J.H. Kalin, Z. Chen, P.A. Cole, Site-

Specific Protein Labeling with N-Hydroxysuccinimide-Esters 

and the Analysis of Ubiquitin Ligase Mechanisms, J. Am. 

Chem. Soc. 140 (2018) 9374–9378. 

https://doi.org/10.1021/jacs.8b05098. 

[36] H. Jiang, G.D. D’Agostino, P.A. Cole, D.R. Dempsey, 

Selective protein N-terminal labeling with N-

hydroxysuccinimide esters, in: D.M.B.T.-M. in E. 

Chenoweth (Ed.), Methods Enzymol., Academic Press, 

2020: pp. 333–353. 

https://doi.org/10.1016/bs.mie.2020.04.018. 

[37] H. Jiang, P.A. Cole, N-Terminal Protein Labeling with N-

Hydroxysuccinimide Esters and Microscale Thermophoresis 

Measurements of Protein-Protein Interactions Using 

Labeled Protein, Curr. Protoc. 1 (2021) e14. 

https://doi.org/10.1002/cpz1.14. 

[38] J. Feldwisch, V. Tolmachev, C. Lendel, N. Herne, A. Sjöberg, 

B. Larsson, D. Rosik, E. Lindqvist, G. Fant, I. Höidén-

Guthenberg, J. Galli, P. Jonasson, L. Abrahmsén, Design of 

an Optimized Scaffold for Affibody Molecules, J. Mol. Biol. 

398 (2010) 232–247. 

https://doi.org/10.1016/j.jmb.2010.03.002. 

[39] B. Nilsson, T. Moks, B. Jansson, L. Abrahmsén, A. Elmblad, 

E. Holmgren, C. Henrichson, T.A. Jones, M. Uhlén, A 

synthetic IgG-binding domain based on staphylococcal 

protein a, Protein Eng. Des. Sel. 1 (1987) 107–113. 

https://doi.org/10.1093/protein/1.2.107. 

[40] J. Deisenhofer, Crystallographic Refinement and Atomic 

Models of a Human Fc Fragment and Its Complex with 

Fragment B of Protein A from Staphylococcus aureus at 

2.9- and 2.8-Å Resolution, Biochemistry. 20 (1981) 2361–

2370. https://doi.org/10.1021/bi00512a001. 

[41] H. Gouda, H. Torigoe, Y. Arata, I. Shimada, A. Saito, M. 

Sato, Three-Dimensional Solution Structure of the B 

Domain of Staphylococcal Protein A: Comparisons of the 

Solution and Crystal Structures, Biochemistry. 31 (1992) 

9665–9672. https://doi.org/10.1021/bi00155a020. 

[42] K. Nord, J. Nilsson, B. Nilsson, M. Uhlén, P.Å. Nygren, A 

combinatorial library of an α-helical bacterial receptor 

domain, Protein Eng. Des. Sel. 8 (1995) 601–608. 

https://doi.org/10.1093/protein/8.6.601. 

[43] P. Arora, Fast and faster: A designed variant of the B-

domain of protein A folds in 3  sec, Protein Sci. 13 (2004) 

847–853. https://doi.org/10.1110/ps.03541304. 

[44] G.P. Smith, V.A. Petrenko, Phage Display, Chem. Rev. 97 

(1997) 391–410. https://doi.org/10.1021/cr960065d. 

[45] J. Löfblom, J. Feldwisch, V. Tolmachev, J. Carlsson, S. Ståhl, 

F.Y. Frejd, Affibody molecules: Engineered proteins for 

therapeutic, diagnostic and biotechnological applications, 

FEBS Lett. 584 (2010) 2670–2680. 

https://doi.org/10.1016/j.febslet.2010.04.014. 

[46] S. Ståhl, T. Gräslund, A. Eriksson Karlström, F.Y. Frejd, P.Å. 

Nygren, J. Löfblom, Affibody Molecules in Biotechnological 

and Medical Applications, Trends Biotechnol. 35 (2017) 

691–712. https://doi.org/10.1016/j.tibtech.2017.04.007. 

[47] F.Y. Frejd, K.T. Kim, Affibody molecules as engineered 

protein drugs, Exp. Mol. Med. 49 (2017) e306–e306. 

https://doi.org/10.1038/emm.2017.35. 

[48] A. Orlova, M. Magnusson, T.L.J. Eriksson, M. Nilsson, B. 

Larsson, I. Höiden-Guthenberg, C. Widström, J. Carlsson, V. 

Tolmachev, S. Ståhl, F.Y. Nilsson, Tumor imaging using a 

picomolar affinity HER2 binding Affibody molecule, Cancer 

Res. 66 (2006) 4339–4348. https://doi.org/10.1158/0008-

5472.CAN-05-3521. 

[49] J. Sörensen, D. Sandberg, M. Sandström, A. Wennborg, J. 

Feldwisch, V. Tolmachev, G. Åström, M. Lubberink, U. 

Garske-Román, J. Carlsson, H. Lindman, First-in-human 

molecular imaging of HER2 expression in breast cancer 

metastases using the 111In-ABY-025 affibody molecule, J. 

Nucl. Med. 55 (2014) 730–735. 

https://doi.org/10.2967/jnumed.113.131243. 

[50] K.S. Samkoe, J.R. Gunn, K. Marra, S.M. Hull, K.L. Moodie, J. 

Feldwisch, T. V. Strong, D.R. Draney, P.J. Hoopes, D.W. 

Roberts, K. Paulsen, B.W. Pogue, Toxicity and 

Pharmacokinetic Profile for Single-Dose Injection of ABY-

029: a Fluorescent Anti-EGFR Synthetic Affibody Molecule 

for Human Use, Mol. Imaging Biol. 19 (2017) 512–521. 

https://doi.org/10.1007/s11307-016-1033-y. 

[51] J.T. Elliott, K. Marra, L.T. Evans, S.C. Davis, K.S. Samkoe, J. 

Feldwisch, K.D. Paulsen, D.W. Roberts, B.W. Pogue, 

Simultaneous in vivo fluorescent markers for perfusion, 

protoporphyrin metabolism, and EGFR expression for 

optically guided identification of orthotopic glioma, Clin. 

Cancer Res. 23 (2017) 2203–2212. 

https://doi.org/10.1158/1078-0432.CCR-16-1400. 

[52] P.A. Löfdahl, O. Nord, L. Janzon, P.A. Nygren, Selection of 

TNF-α binding affibody molecules using a β-lactamase 

protein fragment complementation assay, N. Biotechnol. 

26 (2009) 251–259. 

https://doi.org/10.1016/j.nbt.2009.06.980. 

[53] A. Jonsson, H. Wållberg, N. Herne, S. Ståhl, F.Y. Frejd,  

Generation of tumour-necrosis-factor-α-specific affibody 

molecules capable of blocking receptor binding in vitro , 

Biotechnol. Appl. Biochem. 54 (2009) 93–103. 

https://doi.org/10.1042/ba20090085. 

[54] W. Hoyer, C. Grönwall, A. Jonsson, S. Ståhl, T. Härd, 

Stabilization of a β-hairpin in monomeric Alzheimer’s 

amyloid-β peptide inhibits amyloid formation, Proc. Natl. 

Acad. Sci. U. S. A. 105 (2008) 5099–5104. 

https://doi.org/10.1073/pnas.0711731105. 

[55] H. Lindberg, T. Härd, J. Löfblom, S. Ståhl, A truncated and 

dimeric format of an Affibody library on bacteria enables 

FACS-mediated isolation of amyloid-beta aggregation 

inhibitors with subnanomolar affinity, Biotechnol. J. 10 

(2015) 1707–1718. 

https://doi.org/10.1002/biot.201500131. 

[56] A. Perols, H. Honarvar, J. Strand, R. Selvaraju, A. Orlova, A. 

Eriksson Karlström, V. Tolmachev, Influence of DOTA 

chelator position on biodistribution and targeting 

properties of 111In-labeled synthetic anti-HER2 affibody 

molecules, Bioconjug. Chem. 23 (2012) 1661–1670. 

https://doi.org/10.1021/bc3002369. 

[57] A.M. Sochaj-Gregorczyk, A.M. Serwotka-Suszczak, J. 

Otlewski, A novel affibody-auristatin e conjugate with a 

potent and selective activity against HER2+ cell lines, J. 

Immunother. 39 (2016) 223–232. 

https://doi.org/10.1097/CJI.0000000000000125. 

[58] M. Altai, H. Liu, H. Ding, B. Mitran, P.H. Edqvist, V. 



9 

Tolmachev, A. Orlova, T. Gräslund, Affibody-derived drug 

conjugates: Potent cytotoxic molecules for treatment of 

HER2 over-expressing tumors, J. Control. Release. 288 

(2018) 84–95. 

https://doi.org/10.1016/j.jconrel.2018.08.040. 

[59] H. Ding, M. Altai, S.S. Rinne, A. Vorobyeva, V. Tolmachev, T. 

Gräslund, A. Orlova, Incorporation of a hydrophilic spacer 

reduces hepatic uptake of her2-targeting affibody–dm1 

drug conjugates, Cancers (Basel). 11 (2019). 

https://doi.org/10.3390/cancers11081168. 

[60] H. Ding, T. Xu, J. Zhang, V. Tolmachev, M. Oroujeni, A. 

Orlova, T. Gräslund, A. Vorobyeva, Affibody-derived drug 

conjugates targeting HER2: Effect of drug load on 

cytotoxicity and biodistribution, Pharmaceutics. 13 (2021). 

https://doi.org/10.3390/pharmaceutics13030430. 

[61] T. Xu, H. Ding, A. Vorobyeva, M. Oroujeni, A. Orlova, V. 

Tolmachev, T. Gräslund, Drug conjugates based on a 

monovalent affibody targeting vector can efficiently 

eradicate HER2 positive human tumors in an experimental 

mouse model, Cancers (Basel). 13 (2021) 1–21. 

https://doi.org/10.3390/cancers13010085. 

[62] M. Oroujeni, T. Xu, K. Gagnon, S.S. Rinne, J. Weis, J. 

Garousi, K.G. Andersson, J. Löfblom, A. Orlova, V. 

Tolmachev, The use of a non-conventional long-lived 

gallium radioisotope66Ga improves imaging contrast of 

EGFR expression in malignant tumours using dfo-

zegfr:2377 affibody molecule, Pharmaceutics. 13 (2021) 1–

18. https://doi.org/10.3390/pharmaceutics13020292. 

[63] S.A. Byrne, M.J. Bedding, L. Corcilius, D.J. Ford, Y. Zhong, C. 

Franck, M. Larance, J.P. Mackay, R.J. Payne, Late-stage 

modification of peptides and proteins at cysteine with 

diaryliodonium salts, Chem. Sci. 12 (2021) 14159–14166. 

https://doi.org/10.1039/d1sc03127a. 

[64] X. Xia, X. Yang, W. Huang, X. Xia, D. Yan, Self-Assembled 

Nanomicelles of Affibody-Drug Conjugate with Excellent 

Therapeutic Property to Cure Ovary and Breast Cancers, 

Nano-Micro Lett. 14 (2022) 33. 

https://doi.org/10.1007/s40820-021-00762-9. 

[65] D. Piszkiewicz, M. Landon, E.L. Smith, Anomalous cleavage 

of aspartyl-proline peptide bonds during amino acid 

sequence determinations, Biochem. Biophys. Res. 

Commun. 40 (1970) 1173–1178. 

https://doi.org/10.1016/0006-291X(70)90918-6. 

[66] Y. Yang, Peptide Fragmentation/Deletion Side Reactions, 

in: Y.B.T.-S.R. in P.S. Yang (Ed.), Side React. Pept. Synth., 

Academic Press, Oxford, 2016: pp. 1–31. 

https://doi.org/10.1016/b978-0-12-801009-9.00001-x. 

[67] J.D. Bargh, A. Isidro-Llobet, J.S. Parker, D.R. Spring, 

Cleavable linkers in antibody-drug conjugates, Chem. Soc. 

Rev. 48 (2019) 4361–4374. 

https://doi.org/10.1039/c8cs00676h. 

[68] A. Orlova, M. Magnusson, T.L.J. Eriksson, M. Nilsson, B. 

Larsson, I. Höiden-Guthenberg, C. Widström, J. Carlsson, V. 

Tolmachev, S. Ståhl, F.Y. Nilsson, Tumor imaging using a 

picomolar affinity HER2 binding Affibody molecule, Cancer 

Res. 66 (2006) 4339–4348. https://doi.org/10.1158/0008-

5472.CAN-05-3521. 

[69] C. Eigenbrot, M. Ultsch, A. Dubnovitsky, L. Abrahmsén, T. 

Härd, Structural basis for high-affinity HER2 receptor 

binding by an engineered protein, Proc. Natl. Acad. Sci. U. 

S. A. 107 (2010) 15039–15044. 

https://doi.org/10.1073/pnas.1005025107. 

[70] S. Trousil, S. Hoppmann, Q. De Nguyen, M. Kaliszczak, G. 

Tomasi, P. Iveson, D. Hiscock, E.O. Aboagye, Positron 

emission tomography imaging with 18f- labeled 

Zher2:2891 affibody for detection of HER2 expression and 

pharmacodynamic response to HER2-modulating 

therapies, Clin. Cancer Res. 20 (2014) 1632–1643. 

https://doi.org/10.1158/1078-0432.CCR-13-2421. 

[71] The EC50 values obtained from the fitted curves shown in 

Fig. 3D (≈ 15 nM) and Fig. 3E (≈ 1 nM) cannot be compared 

directly because they were obtained using different 

techniques, i.e. flow cytometry (Fig. 3D) and ELISA assay 

(Fig. 3E). 

[72] A. Kumar, K. Kinneer, L. Masterson, E. Ezeadi, P. Howard, 

H. Wu, C. Gao, N. Dimasi, Synthesis of a heterotrifunctional 

linker for the site-specific preparation of antibody-drug 

conjugates with two distinct warheads, Bioorganic Med. 

Chem. Lett. 28 (2018) 3617–3621. 

https://doi.org/10.1016/j.bmcl.2018.10.043. 

[73] N. Nilchan, X. Li, L. Pedzisa, A.R. Nanna, W.R. Roush, C. 

Rader, Dual-mechanistic antibody-drug conjugate via site-

specific selenocysteine/cysteine conjugation, Antib. Ther. 2 

(2019) 1–8. https://doi.org/10.1093/abt/tbz009. 

[74] C.M. Yamazaki, A. Yamaguchi, Y. Anami, W. Xiong, Y. Otani, 

J. Lee, N.T. Ueno, N. Zhang, Z. An, K. Tsuchikama, Antibody-

drug conjugates with dual payloads for combating breast 

tumor heterogeneity and drug resistance, Nat. Commun. 

12 (2021) 3528. https://doi.org/10.1038/s41467-021-

23793-7. 

[75] Q. Li, W. Li, K. Xu, Y. Xing, H. Shi, Z. Jing, S. Li, Z. Hong, Peg 

linker improves antitumor efficacy and safety of affibody-

based drug conjugates, Int. J. Mol. Sci. 22 (2021) 1–19. 

https://doi.org/10.3390/ijms22041540. 

[76] I. Damiani, S. Castiglioni, A. Sochaj-Gregorczyk, F. Bonacina, 

I. Colombo, V. Rusconi, J. Otlewski, A. Corsini, S. Bellosta, 

Purification and in vitro evaluation of an anti-HER2 

affibody-monomethyl auristatin E conjugate in HER2-

positive cancer cells, Biology (Basel). 10 (2021). 

https://doi.org/10.3390/biology10080758. 

[77] W. Yin, T. Xu, H. Ding, J. Zhang, V. Bodenko, M.S. 

Tretyakova, M. V. Belousov, Y. Liu, M. Oroujeni, A. Orlova, 

V. Tolmachev, T. Gräslund, A. Vorobyeva, Comparison of 

HER2-targeted affibody conjugates loaded with auristatin- 

and maytansine-derived drugs, J. Control. Release. 355 

(2023) 515–527. 

https://doi.org/10.1016/j.jconrel.2023.02.005. 
 
 
 
 


