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Abstract

:

Bispecific antibodies (bsAbs) were first developed in the 1960s and are now emerging as a leading class of immunotherapies for cancer treatment with the potential to further improve clinical efficacy and safety. Many different formats of bsAbs have been established in the last few years, mainly generated genetically. Here we report on a novel, flexible, and fast chemo–enzymatic, as well as purely enzymatic strategies, for generating bispecific antibody fragments by covalent fusion of two functional antibody Fab fragments (Fabs). For the chemo–enzymatic approach, we first modified the single Fabs site-specifically with click anchors using an enhanced Trypsiligase variant (eTl) and afterward converted the modified Fabs into the final heterodimers via click chemistry. Regarding the latter, we used the strain-promoted alkyne-azide cycloaddition (SPAAC) and inverse electron-demand Diels–Alder reaction (IEDDA) click approaches well known for their fast reaction kinetics and fewer side reactions. For applications where the non-natural linkages or hydrophobic click chemistry products might interfere, we developed two purely enzymatic alternatives enabling C- to C- and C- to N-terminal coupling of the two Fabs via a native peptide bond. This simple system could be expanded into a modular system, eliminating the need for extensive genetic engineering. The bispecific Fab fragments (bsFabs) produced here to bind the growth factors ErbB2 and ErbB3 with similar KD values, such as the sole Fabs. Tested in breast cancer cell lines, we obtained biologically active bsFabs with improved properties compared to its single Fab counterparts.
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1. Introduction


Bispecific antibodies (bsAbs) form a heterogeneous family of biological therapeutics. This fast-growing class of therapeutics holds, among others, promise mainly for the treatment of cancer and inflammatory diseases [1,2,3]. In 2020, a total of three bispecific antibodies were approved and more than 100 are being studied in clinical trials alone for the treatment of cancer [4].



In contrast to conventional monoclonal antibodies (mAbs), bsAbs simultaneously bind to two different types of antigens or, in their biparatopic form, two different epitopes on the same antigen, e. g., a cell target with a receptor on an immune cell or several targets on a cell surface to increase the cytotoxic potential and achieve improved efficacy with lower target expression [2]. In addition to full-length bsAbs, small bsAbs are of similar therapeutic interest due to the absence of the Fc-region. Better tissue penetration, the lack of Fc-mediated antibody effector functions, and easier production are only a few of the advantages of using antibody fragments [1,3].



The development of bsAbs accelerated in the 1980s with the progress of the synthesis techniques for their production. In particular, quadroma technology should be mentioned, which led to non-uniform bsAbs due to incorrect chain pairings, but nevertheless made numerous innovative bsAb formats possible [5,6,7]. One example is the small bsAb BiTE [8]. An important synthetic innovation to prevent mismatches of the heavy chains was the development of the knob-into-hole strategy [9]. At the same time, the first approaches were developed to suppress the mismatch of the light chains as well. In 2007, DVD (dual-variable-domain)-IgGs were developed that even had multiple fused antigen-binding domains [10]. Although relatively easy to generate by heterologous expression, their function can be influenced by the direct N- to C-terminal fusion of the domains. Antigen binding of the inner domain may be particularly affected. In addition, the increasing size of the bsAbs may also reduce the expression yield or homogeneity of the products [11,12,13]. Classical C- to N-terminal topology in bsAbs, therefore, requires considerable empirical control in the development process.



Posttranslational linkage of the single antigen-binding domains of mAbs or Fabs could address these limitations and simultaneously increase the flexibility regarding the individual structure of the final bsAbs/bsFabs. In addition to the classical N- to C-fusion of the antigen-binding domains, posttranslational domain coupling also allows more flexible orientations, e.g., C- to C-terminal domain linkage with free N-termini of the two binding domains, as is the case with native mAbs. Enzymatic coupling approaches seem to be particularly interesting for this purpose due to their inherent regio- and stereospecificity [14,15]. Nevertheless, only a few exceptions for purely enzymatic C- to C-terminal domain linkages are currently known [16,17]. In the most prominent case of the transpeptidase SortaseA (SrtA), a biorthogonal strategy was developed only with the help of a second enzyme, i.e., butelase1, using two different linker sequences, each specific for one enzyme [17]. A method that in principle only requires one enzyme was developed for transglutaminase [18]. The limitation of this approach, however, is that no human multi-chain Fabs or Abs were ligated, but instead camelidea single-chain domain antibodies were, which were also identical in their structure and thus, also specificity, and, therefore, led to the formation of monospecifics. Furthermore, in addition to the formation of the monospecific homodimers, these reactions also led to the simultaneous formation of inhomogeneous homomultimers with variable numbers of monomeric antibody domains. Chemo–enzymatic approaches have been developed as an alternative to installing a click anchor by enzyme catalysis to the proteins of interest first and subsequently coupling both moieties by click chemistry. Despite these promising strategies, there are, so far, only two enzymes with which the chemo–enzymatic generation of bsAbs (or analogs) has been initially demonstrated, i.e., SrtA and the formylglycine generating enzyme (FGE). In the case of SrtA, two full-length antibodies were chemo–enzymatically ligated, one with the strain-promoted alkyne-azide cycloaddition (SPAAC) C- to C-terminally to form a bsAb and, second, an antibody-(scFv)2 conjugate using the inverse electron-demand Diels–Alder reaction (IEDDA) [19]. A general disadvantage regarding the combination with click chemistry may result from the catalytically active cysteine of SrtA which was shown to lower the yield in the modification step with SPAAC linkers. In the case of FGE, the cysteine to formylglycine conversion activity of the enzyme was used to form an aldehyde tag (CXPXR) in the proteins of interest [20,21]. The resulting formylglycines were subsequently reacted in a two-step process with a biofunctionalized linker by Pictet–Spengler ligation, resulting in the heterodimeric product. Unfortunately, the enzyme needs reducing reaction conditions to be catalytically active. This should be the reason why only single-chain nanobodies instead of disulfide-bridged antibodies have been used so far for bsAbs synthesis [16].



As an alternative to SrtA and FGE, we developed Trypsiligase (Tl), a trypsin-based biocatalyst by rational enzyme design [22]. Tl recognizes the short, hydrophilic amino acid tag YRH and catalyzes peptide bond formation via reverse proteolysis [22,23]. The synthesis reactions take place after the tyrosine in the YRH-motif. During synthesis, the enzyme allows the covalent coupling of functional groups attached to the enzyme-specific, RH-containing nucleophile, such as fluorophores, toxins, drugs, or click anchors [23,24]. Recently, we generated next-generation Trypsiligases via evolutionary enzyme engineering [25]. These variants are characterized by an increased synthesis potential compared to the original Tl. Enhanced Trypiligase (eTl), representing the most efficient next-generation Trypsiligase so far, reaches product yields close to the thermodynamic maximum of the reaction type catalyzed.



While enzyme catalysis guarantees a regioselective reaction process, click chemistry opens the possibility of a flexible and modular synthesis principle including C- to N-, C- to C-terminal, and N- to N-terminal linkages of antigen-binding domains as well. Like enzyme synthesis, the click reactions are also biorthogonal and can be conducted in aqueous systems [26]. SPAAC and the IEDDA have been proven to be particularly suitable for biological applications. Both click reactions are fast, proceed entirely without or with only a few side reactions, and require only small substrate excesses [27,28]. In some cases, hydrophobic, sometimes bulky product structures may lead to undesirable problems with hydrophobicity, yield, or functionality.



In the present study, a synthesis approach for bsAbs is presented that only requires a single enzyme and can optionally be combined with click chemistry. It enables simple and rapid post-translational domain shuffling of antigen-binding domains to assess the optimal architecture of the bsAb. The function of the approach was evaluated using the example of the synthesis of bsFabs consisting of the antigen-binding domains of the growth factors ErbB2 and ErbB3. Both domains were covalently linked in a flexible orientation, purely enzyme-catalyzed or chemo–enzymatically with the enzymatic linkage of click anchors and downstream click chemistry. All bsFabs bind with similar KD values as the individual Fabs. Tests in breast cancer cell lines demonstrated improved properties in the biological activity of the bsFabs compared to their single Fab counterparts.




2. Results and Discussion


The concept of posttranslational bsAbs assembling via eTl was investigated by fusing the antigen-binding moieties of two distinct Fabs, i.e., anti-ErbB2- and anti-ErB3-Fab. Both Fabs target epitopes on growth factor receptors of the EGFR family. ErbB2 is abundant in many tissue tumors, such as breast cancer [29,30]. At the same time, ErbB3 is the preferred interaction partner of ErbB2. Once they interact, they form the most robust signal within this family of receptors [31,32]. The ErbB2-specific Fab used is derived from the well-known antibody Trastuzumab, whereas the anti-ErbB3 counterpart is derived from CDX3379, a therapeutic antibody from Celldex therapeutics [33,34].



Initially, the Fabs were equipped with a nucleotide sequence encoding either the C-terminal YRH- or N-terminal RH-motif on the genomic level. Both enzyme recognition sequences were inserted into the respective termini of the heavy chain of the two Fabs. Biosynthesis and purification of the constructs were performed according to established protocols [23,33]. Final assembly of bsFabs was evaluated either by direct coupling of a C-terminally tagged anti-ErbB3-Fab-YRH with the N-terminally modified anti-ErbB2-RH-Fab via eTl (Scheme 1A) or indirectly via eTl-coupling of click anchors to the anti-ErbB2- and anti-ErbB3-Fabs followed by click chemistry-mediated bsFab formation (Scheme 1B). Direct coupling via eTl according to Scheme 1A resulted in a C- to N- linkage of anti-ErbB3- and anti-ErbB2-Fab. On the contrary, C- to C-terminal linker structure was realized by click chemistry due to the eTl-coupling of the click anchors to the C-terminus of the two Fabs. The individual structure of the IEDDA and SPAAC based click linkers are shown in Figure 1. Previous studies showed that Tl also catalyzes the attachment of artificial functionalities to the N-terminus of proteins with high yields [24]. Finally, we tried to assemble a C- to C-linked anti-ErbB3-anti-ErbB2-bsFab by a purely enzymatic approach using the branched linker 5 (Figure 1) for Fab-coupling featuring two eTl-specific N-termini (Scheme 1C). C- to C-linkage was achieved by a two-step enzymatic reaction, ligating the first linker 5 to anti-ErbB2-Fab-YRH followed by the coupling of anti-ErbB3-Fab-YRH. The central lysine moiety in 5 allows the incorporation of a third functionality in addition to the two enzyme recognition sites. In our case, we used an azide to enable click chemistry with spectroscopic labels.



2.1. Enzymatic Synthesis of C- to N-Linked Anti-ErbB3-Anti-ErbB2-bsFab


The eTl-catalyzed direct coupling of anti-ErbB3-Fab-YRH and anti-ErbB2-RH-Fab, leading to the respective C- to N-linked bsFab conjugate, allows a simple one-step reaction regime, with a maximum yield of 60% of the bsFab product after reaction times of about 90 min at the reaction conditions used (Figure 2). After isolation by size exclusion chromatography (SEC), a single homogeneous bsFab conjugate was verified by LC-MS (Figure 2C), which was subsequently tested for biological functionality (Section 2.3). It should be mentioned that besides the main product and starting Fab substrates, only one further reaction product was found corresponding to the anti-ErbB3-Fab-Y-OH species in which the last two amino acid residues (RH) of the recognition sequence were missing. This indicated a certain enzymatic hydrolysis activity by eTl at the Tyr-Arg site, which is, however, usually negligible for this enzyme. The slightly reduced product yields indicated somewhat higher hydrolysis rates which may be due to limited accessibility of the enzyme recognition sequence at the anti-ErbB2-RH-Fab.




2.2. Generation of C- to C-Linked Anti-ErbB2-Anti-ErbB3-bsFab


Posttranslational synthesis of C- to C-linked anti-ErbB2-anti-ErbB3-bsFab was evaluated by chemo–enzymatic and purely enzymatic approaches as well. Both are two-step reaction processes in which the Fab substrates were first site-specifically modified and then converted into the final bsFabs.



2.2.1. Chemo–Enzymatic Synthesis of C- to C-Linked Anti-ErbB2-Anti-ErbB3-bsFab


Chemo–enzymatic assembly of C- to C-linked anti-ErbB2-anti-ErbB3-bsFab begins with the site-specific coupling of click anchors to the starting Fabs by eTl-catalysis. For IEDDA click chemistry, the trans-cyclooctene (TCO) based click linker 1 was enzymatically coupled to anti-ErbB2-Fab-YRH, while the methyltetrazine (MeTz) anchor 2 was linked to anti-ErbB3-Fab-YRH. In the case of SPAAC chemistry (Figure S1), pentanoic acid azide (PAA) (compound 3) instead of MeTz was used, and dibenzocyclooctyne (DBCO) (compound 4) instead of TCO. Regardless of the nature of the click reagent, similar reaction conditions were used for all couplings.



The typical course of the eTl-mediated coupling reactions is shown in Figure 3 as an example of the synthesis of anti-ErbB2-Fab-TCO and anti-ErbB3-Fab-MeTz. According to Figure 3A, product yields higher than 72% were reached after approximately 75 min of reaction time. The reactions proceeded cleanly and resulted in an equilibrium between the reaction product and starting substrate at the end of the reaction (Figure 3B). Undesired by-products did not occur apart from traces of partially hydrolyzed anti-ErbB2-Y-OH (Figure 3C). With respect to former studies, such reaction processes are rather typical for eTl-catalyzed transamidation reactions [25]. Comparable yields for the SPAAC-based products, i.e., PAA and DBCO, were found in reactions with linkers 3 and 4 (Figure S1A). Following synthesis, the reaction products were isolated by affinity chromatography mainly to remove the excess click anchor substrates and eTl. The remaining quantities of Fab substrates, on the other hand, did not interfere with the further course of synthesis.



The subsequent SPAAC- and IEDDA-based click reactions were performed according to established protocols (Section 3.5). The course and analysis of the reactions are shown in Figure 4 using the IEDDA reaction as an example. As for the SPAAC reaction (Figure S1), a quantitative product yield could also be obtained for the IEDDA coupling at a stoichiometry of 1:2 of the starting substrates. The only differences were in the reaction times, which ranged from several minutes to a few hours. In fact, the IEDDA-based click reaction was completed within about 30 min (Figure 4A). The SPAAC reaction, on the other hand, took about 4 h to reach complete conversion (Figure S1B,C). Regardless of the individual reaction time, in all cases, the formation of the desired conjugates (Figure 4A,B and Figure S1B,C) could be detected after only a few seconds (Figure 4C and Figure S1D). The remaining bands after complete conversion at 40–55 kDa in the SDS-PAGE of Figure 4C (and Figure S1D, respectively) corresponded to unseparated, unmodified Fab species from the enzymatic reaction. These and the excess click component were finally separated by SEC in a one-step purification, yielding a final bispecific product of high purity and homogeneity (Figure 4D and Figure S1E).




2.2.2. Enzymatic Synthesis of C- to C-Linked Anti-ErbB2-Anti-ErbB3-bsFab


The eTl-catalyzed C- to C-linkage of two Fabs necessarily requires a special linker structure equipped with two nucleophilic recognition sequences for the biocatalyst (RH-motifs). Linker 5 obviously fulfilled this requirement. Furthermore, two Fab substrates were required, each carrying the recognition sequence YRH for eTl at the C-terminus. The reaction setting consisting of linker 5 and anti-ErbB2-Fab-YRH and anti-ErbB3-Fab-YRH fulfilled both requirements but bore the general risk that, in addition to the bispecific product, the respective homodimers are simultaneously formed from anti-ErbB2-Fab or anti-ErbB3-Fab. A sequential reaction mode, starting first with the coupling of anti-ErbB2-Fab-YRH with the linker and second, the coupling of anti-ErbB3-Fab-YRH to the resulting intermediate could minimize this risk, especially if the nucleophilic component (linker 5) was used in excess. Since the latter was the standard case in all previously performed eTl reactions, the reaction conditions were maintained. The results of both reactions are shown in Figure 5.



As it can be seen in Figure 5A, for the first reaction of the two-step procedure, the coupling of anti-ErbB2-Fab-YRH with linker 5, a product yield of higher 70% was obtained after approximately 75 min of reaction time. This corresponded to the results obtained with linkers 1 to 4. Interestingly, only about 3% of the homodimeric anti-ErbB2-linker 5-anti-ErbB2-Fab was formed (Figure 5A). Apparently, the 5-fold excess of the nucleophilic linker used was already sufficient to almost completely prevent unwanted homodimerization. After the monomeric anti-ErbB2-Fab-linker 5 product was purified by means of hydrophobic interaction chromatography (HIC) (Figure 5B), the second eTl-catalyzed coupling step was carried out by adding anti-ErbB3-Fab-YRH under again analogous reaction conditions. The result of this second enzymatic reaction is shown in Figure 5C,D. Corresponding to the course of the reaction shown in Figure 5C, a product yield of approx. 60% of the desired anti-ErbB2-Fab-linker 5-anti-ErbB3-bsFab could be obtained in a reaction time of approx. 120 min. This yield corresponded to the C- to N-terminal coupling of the two Fabs by eTl (Section 2.1). Finally, the bispecific product was isolated and purified by SEC (Figure 5D) and subsequently used for functional studies (Section 2.3). Noticeably, with this method, it was rather impossible to control which Fab was attached to which site of the linker, which is, however, without relevance if the linker structure is symmetric. In cases where control is essential, two orthogonal Trypsiligase variants could be used in a one-step procedure to address this problem [25].





2.3. Analysis of In Vitro Functionality of the Generated bsFabs


2.3.1. Surface Plasmon Resonance (SPR)-Based Activity Assay


The in vitro function of all synthesized and purified anti-ErbB2-anti-ErbB3-bsFabs was first analyzed regarding their epitope-binding behavior. For this purpose, the dissociation constants (KD) were investigated using an SPR-based activity assay compared to the single ErbB2- and ErbB3-Fabs. The KD values obtained were determined sequentially by immobilizing the ectodomains of the receptors ErbB2 and ErbB3 on separate sensor chip surfaces and are summarized in Table 1. The complete SPR sensorgrams as well as the values for kon and koff are shown in Figure S6 and Figure S7. First, for the single anti-ErbB2- and anti-ErbB3-Fabs, it was noted that neither showed any cross-reactivity in their antigen-binding properties (Table 1). Second, it is clear from Table 1 that the additional N-terminal RH-motif in the anti-ErbB2-Fab did not affect the dissociation constant. As a consequence, the KD values were in a narrow range and correspond to those described in the literature [23,33]. Third, the results further showed that all bsFabs synthesized retained their binding functionality. The determined dissociation constants were comparable to those of the individual single Fabs. Fourth, even the binding behavior of the inner domain of the C- to N-terminal linked bsFab format (anti-ErbB2-domain) did not appear to be affected by the outer anti-ErbB3-domain. Thus, it can be concluded that the type of linkage in which the two individual ErbB2 and ErbB3 Fabs are fused (at least as it is in the synthesized formats), has no significant influence on the binding properties to the antigens.




2.3.2. Receptor Internalization Assay


The internalization studies were conducted with three breast cancer cell lines. These cell lines differ in the number of ErbB2 and ErbB3 receptors expressed on their cell surfaces. SKBR-3 cells show high levels of both receptors, while HCC-1954 cells are known for high ErbB2 and low ErbB3 receptor expression. In contrast, the reverse holds true for MCF-7 cells. They are characterized by low ErbB2 and high ErbB3 receptor levels [35]. It was expected that the bsFab formats, in addition to binding the respective specific antigens, would also exhibit synergistic binding in the presence of both antigens on the cell surface.



First, all single and bispecific Fabs to be measured were modified non-specifically with an AlexaFluor568 NHS ester for the internalization studies. The resulting dye loading varied from 2 to 11 depending on the protein used. SDS-PAGE and UV/Vis absorption spectroscopic analyses showed no evidence of aggregate formation, especially at higher dye loadings (Figure S8). In addition, a lysosomal dye was used to follow the path of the proteins in the cells. The progression of internalization is shown for anti-ErbB3-IEDDA-anti-ErbB2-bsFab and SKBR-3 cells as an example of all bsFabs in Figure 6. In addition, the course of internalization of every single anti-ErbB2- and anti-ErbB3-Fab is shown. The complete data sets for all bsFabs and cell lines can be found in Figures S2–S5 in the Supplementary Materials. In general, little fluorescence intensities for all Fabs/bsFabs were observed for the MCF-7 cell line (Figure S3). In contrast, for SKBR-3 cells, significant fluorescence signals of all added proteins corresponding to that of the lysosomes were found, indicating internalization (Figure 6). Remarkably, the fluorescence signals of the bsFabs in the case of the SKBR-3 cells were much stronger than that of the single Fabs alone. The fluorescence intensity of the single anti-ErbB3-Fab was worse compared to that of the single anti-ErbB2 counterpart. A more in-depth quantification of these tendencies based on the performed fluorescence microscopic analyses was, however, not possible with certainty. Additional flow cytometric studies are recommended for this purpose, but these were beyond the focus of this work.



In the case of HCC-1954 cells, a similar trend to SKBR-3 cells was observed (Figure 7). While the fluorescence spots for the single Fabs were still congruent with the lysosomes, this was only partially the case for the bsFabs. A plausible explanation could be that the bsFab-receptor complexes are translocated into the nucleus via the non-canonical pathway [36,37,38]. To test this hypothesis initially, we performed the same experiment with nuclear instead of lysosome staining (Figure 8). While the fluorescence signal of the single anti-ErbB2-Fab-YRH was mainly found distant from that of the nucleus, the signals of all bsFabs could be found both distant and superimposed on the nucleus. This finding may indicate a different distribution of mono- and bispecifics in HCC-1954 cells. Whether the bsFabs can actually be found on or even in the cell nucleus cannot be concluded with certainty from this finding.






3. Materials and Methods


3.1. Chemicals and Peptide Synthesis


All reagents were purchased in the highest quality available at Sigma–Aldrich (St. Louis, MO, USA). Peptides were synthesized following standard procedures using Fmoc/tBu strategy [24,39,40]. Amino acids and reagents for peptide synthesis were purchased at IRIS Biotech (Marktredwitz, Germany). Click reagents were purchased at Jena Bioscience (Jena, Germany) and IRIS Biotech (Marktredwitz, Germany).



H-RHAC-OH peptide and maleimide click reagents were dissolved in a phosphate buffer (100 mM NaH2PO4/NaOH, 150 mM NaCl, pH 7.5) with a maximum of 10% (v/v) DMF. Reactants were mixed in a ratio of 1:1.1 (peptide to click component) and were incubated for 2 h at room temperature. Purification was done by preparative HPLC (waters system (Milford, MA, USA), XSelect® Peptide CSHTM C18) with a linear gradient of 5–95% acetonitrile/ddH2O in 40 min. The identity of the synthesis products was verified by electrospray ionization mass spectrometry (waters Micromass® ZQ™ (Milford, MA, USA)) and the purity was determined by UPLC (5–95% acetonitrile/ddH2O in 4 min at 220 nm; waters system (Milford, MA, USA), ACQUITY BEH 130, C18, 1.7 µm, 2.1 × 100 mm).



Analysis: H-RHAC(Mal-PEG3-TCO)-OH: LC-MS (ESI+) m/z: 1008.5 [M]+, calcd. for [C44H72N12O13S]+ m/z: 1009.3, purity: 94.1%; H-RHAC(Mal-PEG4-MeTz)-OH: LC-MS (ESI+) m/z: 999.8 [M]+, calcd. for [C42H61N15O12S]+ m/z: 999.4, purity: 97.7%; H-RHAC(Mal-PEG4-DBCO)-OH: LC-MS (ESI+) m/z: 1160.8 [M]+, calcd. for [C54H73N13O14S]+ m/z: 1159.5, purity: 97.1%; H-RHAK(PAA)-OH: LC-MS (ESI+) m/z: 636.1 [M]+, calcd. for [C26H45N13O6]+ m/z: 635.4, purity: 91.5%; H-RHAGGK(H-RHAGG)GGWGGK(N3)-OH: LC-MS (ESI+) m/z: 1671.5 [M]+, calcd. for [C69H106N32O18]+ m/z: 1670.8, purity: 95.3%.




3.2. Production of eTl


The eTl encoding plasmid (pPICZaA) was linearized by SacI-HF (NEB (Ipswich, MA, USA) and purified by agarose gel electrophoresis (NucleoSpin Gel and PCR Clean-up-Kit (Macherey and Nagel (Düren, Germany)).



Pichia pastoris X-33 cells were electroporated according to the protocol described in [41]. The selection of positive clones was performed by Zeocin (200 µg/mL). Cells were cultivated for 24 h, 30 °C in YNB-medium (13.4 g/L YNB (w/o aa), 50 mM MES/NaOH; pH 6.0, 10 mM CaCl2 with 20% (m/v) glucose and then pelleted and transferred in YNB-medium with 1% (v/v) methanol. After 3 days, the supernatant was harvested and diluted in IEX buffer (1:1) (20 mM Na-acetate/acetic acid; pH 4.0). After loading on a cation exchange column (HiPrep SP FF, Cytiva (Chalfont St Giles, UK)), the protein was eluted with 100 mM HEPES/NaOH; pH 7.8, 200 mM NaCl, 10 mM CaCl2. Final purification was done by SEC (S75 pg, 16/600, Cytiva (Chalfont St Giles, UK)) in HEPES-buffer (100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2).



Analysis: Calculated molecular mass: Mcalcd: 23,758 Da, Mfound: 23,759 Da.




3.3. Production of Fabs


The anti-ErbB3-Fab was designed according to the protocol described in [33]. Anti-ErbB3-Fab-YRH and anti-ErbB2-Fab-YRH have a prolonged C-terminal protein sequence at the heavy chain with the sequence: PGGYRHAAGEQKLISEEDL [25]. The N-terminally extended anti-ErbB2-RH-Fab was prolonged at the heavy chain with the amino acid sequence RHA, while the RH-motif represents the enzyme recognition tag, an A serves as an additional spacer amino acid. The pASK-anti-ErbB2-Fab plasmid and the pET-anti-ErbB3-Fab plasmid were transformed into E. coli BL21 (DE3) cells. Cultures were grown at 37 °C with either 100 µg/mL ampicillin or 50 µg/mL kanamycin until OD600nm of 0.8 was reached. Induction was done by adding 0.1 µg/mL anhydrotetracycline and 0.5 mM IPTG, respectively, for 4 h, 30 °C. Cell pellets were resuspended in phosphate buffer (50 mM NaH2PO4; pH 7.0) and lysed by sonification (amplitude 30%). The Fabs were purified via Protein G or Protein A affinity chromatography (HiTrap Protein G or A HP, Cytiva (Chalfont St Giles, UK)) and SEC (S75 pg, 16/600) in HEPES-buffer (100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2).



Analysis: Calculated molecular masses for Fabs: anti-ErbB3-Fab-YRH Mcalcd: 48,401 Da, Mfound: 48,402 Da; anti-ErbB2-Fab-YRH Mcalcd: 49,548 Da, Mfound: 49,549 Da; anti-ErbB2-RH-Fab Mcalcd: 48,099 Da, Mfound: 48,100 Da.




3.4. C-Terminal Modification of Fabs by eTl


The following standard reaction conditions were used for eTl catalyzed transamidation reactions: 100 μM Fab, 100 μM ZnCl2 in HEPES buffer (100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2) in a reaction volume of 100–500 μL. The nucleophile was freshly dissolved in buffer and added to Fab in 5-fold molar excess. The reaction was initiated by adding 10 µM of eTl. Incubation was performed at 30 °C, 550 rpm for 150 min. Reaction kinetics were examined by HIC according to [24] with a linear gradient from 95% equilibration buffer (1.5 M ammonium sulfate, 0.05 HEPES/NaOH; pH 7.5) to 0% in 15 min, SDS-PAGE [23,24,42] (molecular marker: PageRuler Plus pre-stained protein ladder (ThermoFisher Scientific (Waltham, MA, USA)) and LC-MS analysis [24].




3.5. Chemo–Enzymatic Production of bsFabs


A standard reaction mixture was prepared: 100 μM Fab, 500 µM linker 1–4, 10 µM eTl, 100 μM ZnCl2 in HEPES buffer (100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2). When reaching the product maximum, the mixture was diluted in phosphate buffer (50 mM NaH2PO4; pH 7.0) (1:5). Anti-ErbB2- and anti-ErbB3-Fab mixtures were loaded onto a Protein G and A Spin Column, respectively (NAb Protein G or A Spin Columns, ThermoFisher Scientific (Waltham, MA, USA)). Purification was performed by 5 washing steps with phosphate buffer (50 mM NaH2PO4; pH 7.0) and 4 elution steps (100 mM glycine/HCl; pH 2.7). The elution fractions were pooled, and the buffer was exchanged by cross filtration to phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4; pH 7.4). Click anchor modified Fabs were mixed together in a ratio of 1:2 according to the manufacturer’s instructions (Jena Bioscience (Jena, Germany)) for the respective click reaction type and monitored by 10% SDS-PAGE, UPLC (waters system (Milford, MA, USA), AerisTM 3.6 µm WIDEPORE XB-C18 column, Phenomenex (Torrance, CA, USA)) and LC-MS. Purification of the bsFabs was done by SEC (S200 pg, 16/600, Cytiva (Chalfont St Giles, UK)) in PBS.




3.6. Enzymatic Production of C- to C- and C- to N-Terminal bsFabs


For the C- to C-terminal Fab couplings, a standard reaction mixture was prepared: 100 μM anti-ErbB2-Fab-YRH, 500 µM linker 5, 10 µM eTl, 100 μM ZnCl2 in HEPES buffer (100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2). When reaching the maximum product yield, the mixture was purified by HIC. The single modified product was concentrated, buffer exchanged by cross filtration to HEPES buffer (100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2) and used for the following modification step. A standard mixture was prepared to generate either the C- to C- or C- to N-terminal bsFab (100 µM anti-ErbB3-Fab-YRH, 20 µM modified product or anti-ErbB2-RH-Fab, 2.5 µM eTl, 50 µM ZnCl2 in HEPES buffer (100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2)). Upon reaching the maximum product yield, the reaction mixture was diluted in 100 mM glycine/HCl; pH 2.7 and incubated for 10 min. Purification was done by SEC (S200 pg, 16/600) in PBS.




3.7. SPR-Based Activity Assay


SPR spectroscopy was performed on a BIAcore X instrument (BIAcore (Uppsala, Sweden)). The biotinylated ErbB2 or ErbB3 ectodomains (BioCat, (Heidelberg, Germany)) were immobilized, each on a separate SAHC 200 M sensor chip (XanTec bioanalytics (Düsseldorf, Germany)), resulting in a surface density of approximately 1600 RU. The Fabs or bsFabs were applied in a dilution series using PBS as running buffer. Complex formation was observed at a continuous flow rate of 30 μL/min for 120 s. Kinetic parameters were determined by fitting the data to the 1:1 Langmuir binding model with the BIAevaluation software (BIAcore (Uppsala, Sweden)). After each injection, the surface was regenerated by injecting 10 µL 10 mM NaOH, 1 M NaCl.




3.8. Receptor Internalization Assay


Fluorescence labeling of the proteins was performed according to the AlexaFluor568 carboxylic acid NHS ester manufacturer’s instructions (ThermoFisher Scientific (Waltham, MA, USA)). SKBR-3-Luc (JCRB1627.1), MCF-7-Luc (JCRB1372), and HCC-1954-Luc (JCRB1476) were purchased from JCRB (Tokyo, Japan). For internalization 5000 cells per well were seeded in a µ-slide 8-well chamber coverslip (ibidi (Gräfeling, Germany)) and incubated for 48 h at 37 °C, 5% CO2 (RPMI1640, 10% (v/v) fetal bovine serum (FBS), ThermoFisher Scientific (Waltham, MA, USA)). The medium was replaced by FluoroBrite DMEM medium with 10% (v/v) FBS (ThermoFisher Scientific (Waltham, MA, USA)) and 50 nM labeled Fab or bsFab was added and incubated for 24 h. Before starting microscopy, cells were washed with FluoroBrite DMEM medium without FBS. Cells were mixed with equivalent amounts of FluoroBrite DMEM medium and life cell staining buffer (supplemented with either LysoBriteBlue (1:500), AATBioquest (Sunnyvale, CA, USA), or HOECHST33342 (1:2000), ThermoFisher Scientific (Waltham, MA, USA)) and incubated prior to microscopy for 0.5–2 h and 10 min, respectively (Eclipse TE2000-E, CFI Plan Fluor 40x oil lens, Nikon (Tokyo, Japan)). Lysosome and nucleus staining were excited at 405 nm (filter 450/35), fluorescent proteins at 568 nm (filter 650LP).





4. Conclusions


Currently, more than one hundred formats of bsAbs have been described in the scientific literature. Not infrequently, the format determines the therapeutic efficacy. In this study, we presented an approach that can generate numerous amounts of such formats with only a single enzyme. By combining this with click chemistry techniques, a modular synthesis kit was created that allowed rapid and flexible shuffling of the individual antigen-binding domains in different but well-defined arrangements. The formats generated in this way can then be used to screen potentially suitable candidates for the respective application. The heterologous expression of each individual format or the use of different coupling procedures with individual reaction conditions, including the need for two distinct enzymes, as is currently the case, is not necessary. We were able to show that both the purely enzymatic synthesis and the chemo–enzymatic reactions enable high product yields with only short reaction times. The products were homogeneous and showed a uniform architecture. The formation of multimeric synthesis products, as found with the use of transglutaminase [18], could not be observed with eTl. We were also able to initially demonstrate the biological function of all bispecific constructs. As expected, we could show that the synthesized and fluorescence-labeled anti-ErbB2-anti-ErbB3-bsFabs exhibited improved fluorescence intensities in mammalian breast cancer cell lines compared with the single Fabs alone. Our results suggest that the bispecific formats produced might follow a partially different endocytotic pathway after internalization in certain cell lines than the individual Fabs from which they were constructed. In particular, the findings with labeled bsFabs, which in the case of HCC-1954 cells lead to additional fluorescence signals overlapping with those of the nuclei, give rise to further studies. The background for this is the clinical finding that the diagnosis of EGF receptors localized in the cell nucleus is associated with poor patient prognosis in the case of severe cancer progression [43,44]. On the basis of these findings, it would be very promising to investigate whether the transport of DNA-damaging toxins in the direction of the cell nucleus mediated by the bsFabs may lead to additional effects on the cancer cell compared to the monospecific Fabs. With the trifunctional linker already used in this study, this would be possible without any problems from a synthetic point of view and with high flexibility in terms of the active substance. Studies in this direction are presently in progress.








Supplementary Materials


The following material is available online at https://www.mdpi.com/article/10.3390/ijms23063144/s1.





Author Contributions


J.V. designed and executed all experiments; C.M. did the majority of the chemical syntheses and helped with the experimental chemo–enzymatic design; F.B. initiated and designed the project; J.V. and F.B. analyzed and interpreted the data and drafted the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by DFG project “Chemoselective reactions for the synthesis and application of functional proteins” [SPP1623] and the Aninstitut für Technische Biochemie at the Martin-Luther-University Halle-Wittenberg.




Acknowledgments


We would like to thank DBC Andreas Simon for the support in cell culture and Noelle Schwerdtner for help in microscopy analysis. We are grateful to Cordelia Schiene-Fischer and Sandra Liebscher for their support in Biacore measurements. Furthermore, we thank Sandra Liebscher and DBC Andreas Simon for their helpful discussions. We thank BioPharma Translationsinstitut Dessau Forschungs GmbH for providing the plasmid of the eTl and Marcus Böhme for his support regarding Fab construction.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Labrijn, A.F.; Janmaat, M.L.; Reichert, J.M.; Parren, P.W.H.I. Bispecific antibodies: A mechanistic review of the pipeline. Nat. Rev. Drug Discov. 2019, 18, 585–608. [Google Scholar] [CrossRef] [PubMed]

	



Brinkmann, U.; Kontermann, R.E. The making of bispecific antibodies. mAbs 2017, 9, 182–212. [Google Scholar] [CrossRef]

	



Ma, J.; Mo, Y.; Tang, M.; Shen, J.; Qi, Y.; Zhao, W.; Huang, Y.; Xu, Y.; Qian, C. Bispecific Antibodies: From Research to Clinical Application. Front. Immunol. 2021, 12, 626616. [Google Scholar] [CrossRef] [PubMed]

	



Lim, S.M.; Pyo, K.H.; Soo, R.A.; Cho, B.C. The promise of bispecific antibodies: Clinical applications and challenges. Cancer Treat. Rev. 2021, 99, 102240. [Google Scholar] [CrossRef] [PubMed]

	



Milstein, C.; Cuello, A. Hybrid hybridomas and their use in immunohistochemistry. Nature 1983, 305, 537–540. [Google Scholar] [CrossRef] [PubMed]

	



Milstein, C.; Cuello, A. Hybrid hybridomas and the production of bi-specific monoclonal antibodies. Immunol. Today 1984, 5, 299–304. [Google Scholar] [CrossRef]

	



Suresh, M.R.; Cuello, A.C.; Milstein, C. Advantages of bispecific hybridomas in one-step immunocytochemistry and immunoassays. Proc. Natl. Acad. Sci. USA 1986, 83, 7989–7993. [Google Scholar] [CrossRef] [PubMed]

	



Mack, M.; Riethmüller, G.; Kufer, P. A small bispecific antibody construct expressed as a functional single-chain molecule with high tumor cell cytotoxicity. Proc. Natl. Acad. Sci. USA 1995, 92, 7021–7025. [Google Scholar] [CrossRef]

	



Ridgway, J.B.; Presta, L.G.; Carter, P. ‘Knobs-into-holes’ engineering of antibody CH3 domains for heavy chain heterodimerization. Protein Eng. Des. Sel. 1996, 9, 617–621. [Google Scholar] [CrossRef]

	



Wu, C.; Ying, H.; Grinnell, C.; Bryant, S.; Miller, R.; Clabbers, A.; Bose, S.; McCarthy, D.; Zhu, R.-R.; Santora, L.; et al. Simultaneous targeting of multiple disease mediators by a dual-variable-domain immunoglobulin. Nat. Biotechnol. 2007, 25, 1290–1297. [Google Scholar] [CrossRef]

	



Wu, P.; Shui, W.; Carlson, B.L.; Hu, N.; Rabuka, D.; Lee, J.; Bertozzi, C.R. Site-specific chemical modification of recombinant proteins produced in mammalian cells by using the genetically encoded aldehyde tag. Proc. Natl. Acad. Sci. USA 2009, 106, 3000–3005. [Google Scholar] [CrossRef] [PubMed]

	



DiGiammarino, E.L.; Harlan, J.E.; Walter, K.A.; Ladror, U.S.; Edalji, R.P.; Hutchins, C.W.; Lake, M.R.; Greischar, A.J.; Liu, J.; Ghayur, T.; et al. Ligand association rates to the inner-variable-domain of a dual-variable-domain immunoglobulin are significantly impacted by linker design. mAbs 2011, 3, 487–494. [Google Scholar] [CrossRef] [PubMed]

	



Steinmetz, A.; Vallée, F.O.; Beil, C.; Lange, C.; Baurin, N.; Beninga, J.; Capdevila, C.; Corvey, C.; Dupuy, A.; Ferrari, P.; et al. CODV-Ig, a universal bispecific tetravalent and multifunctional immunoglobulin format for medical applications. mAbs 2016, 8, 867–878. [Google Scholar] [CrossRef] [PubMed]

	



Falck, G.; Müller, K.M. Enzyme-Based Labeling Strategies for Antibody–Drug Conjugates and Antibody Mimetics. Antibodies 2018, 7, 4. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Lee, S.; Kim, Y.; Yoo, T.H. Methods to generate site-specific conjugates of antibody and protein. Bioorg. Med. Chem. 2021, 30, 115946. [Google Scholar] [CrossRef] [PubMed]

	



Zang, B.; Ren, J.; Li, D.; Huang, C.; Ma, H.; Peng, Q.; Ji, F.; Han, L.; Jia, L. Freezing-assisted synthesis of covalent C-C linked bivalent and bispecific nanobodies. Org. Biomol. Chem. 2019, 17, 257–263. [Google Scholar] [CrossRef] [PubMed]

	



Harmand, T.J.; Bousbaine, D.; Chan, A.; Zhang, X.; Liu, D.R.; Tam, J.P.; Ploegh, H.L. One-Pot Dual Labeling of IgG 1 and Preparation of C-to-C Fusion Proteins Through a Combination of Sortase A and Butelase 1. Bioconjug. Chem. 2019, 29, 3245–3249. [Google Scholar] [CrossRef] [PubMed]

	



Plagmann, I.; Chalaris, A.; Kruglov, A.A.; Nedospasov, S.; Rosenstiel, P.; Rose-John, S.; Scheller, J. Transglutaminase-catalyzed covalent multimerization of camelidea anti-human TNF single domain antibodies improves neutralizing activity. J. Biotechnol. 2009, 142, 170–178. [Google Scholar] [CrossRef]

	



Bartels, L.; Ploegh, H.L.; Spits, H.; Wagner, K. Preparation of bispecific antibody-protein adducts by site-specific chemo-enzymatic conjugation. Methods 2019, 154, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Berteau, O.; Guillot, A.; Benjdia, A.; Rabot, S. A new type of bacterial sulfatase reveals a novel maturation pathway in prokaryotes. J. Biol. Chem. 2006, 281, 22464–22470. [Google Scholar] [CrossRef] [PubMed]

	



Holder, P.G.; Jones, L.C.; Drake, P.M.; Barfield, R.M.; Banas, S.; de Hart, G.W.; Baker, J.; Rabuka, D. Reconstitution of formylglycine-generating enzyme with copper (II) for aldehyde tag conversion. J. Biol. Chem. 2015, 290, 15730–15745. [Google Scholar] [CrossRef] [PubMed]

	



Liebscher, S.; Schöpfel, M.; Aumüller, T.; Sharkhuukhen, A.; Pech, A.; Höss, E.; Parthier, C.; Jahreis, G.; Stubbs, M.T.; Bordusa, F. N-terminal protein modification by substrate-activated reverse proteolysis. Angew. Chem. Int. Ed. Engl. 2014, 53, 3024–3028. [Google Scholar] [CrossRef] [PubMed]

	



Liebscher, S.; Kornberger, P.; Fink, G.; Trost-Gross, E.M.; Höss, E.; Skerra, A.; Bordusa, F. Derivatization of antibody Fab fragments: A designer enzyme for native protein modification. Chembiochem 2014, 15, 1096–1100. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, C.; Liebscher, S.; Bordusa, F. Selective Coupling of Click Anchors to Proteins via Trypsiligase. Bioconjug. Chem. 2016, 27, 47–53. [Google Scholar] [CrossRef] [PubMed]

	



Wartner, R.; Böhme, M.; Bordusa, F.; Simon, A.H.; Richter, T. Trypsin Variants with Improved Enzymatic Properties. WO 2020/127808 A1, 25 June 2020. [Google Scholar]

	



Kolb, H.C.; Finn, M.G.; Sharpless, K.B. Click Chemistry: Diverse Chemical Function from a Few Good Reactions. Angew. Chem. Int. Ed. Engl. 2001, 40, 2004–2021. [Google Scholar] [CrossRef]

	



Oliveira, B.L.; Guo, Z.; Bernardes, G.J.L. Inverse electron demand Diels-Alder reactions in chemical biology. Chem. Soc. Rev. 2017, 46, 4895–4950. [Google Scholar] [CrossRef] [PubMed]

	



Dommerholt, J.; Rutjes, F.P.J.T.; van Delft, F.L. Strain-Promoted 1,3-Dipolar Cycloaddition of Cycloalkynes and Organic Azides. Top. Curr. Chem. 2016, 374, 16. [Google Scholar] [CrossRef] [PubMed]

	



Slamon, D.J.; Clark, G.M.; Wong, S.G.; Levin, W.J.; Ullrich, A.; McGuire, W.L. Human breast cancer: Correlation of relapse and survival with amplification of the HER-2/neu oncogene. Science 1987, 235, 177–182. [Google Scholar] [CrossRef] [PubMed]

	



Slamon, D.J.; Godolphin, W.; Jones, L.A.; Holt, J.A.; Wong, S.G.; Keith, D.E.; Levin, W.J.; Stuart, S.G.; Udove, J.; Ullrich, A. Studies of the HER-2/neu proto-oncogene in human breast and ovarian cancer. Science 1989, 244, 707–712. [Google Scholar] [CrossRef] [PubMed]

	



Wallasch, C.; Weiss, F.; Niederfellner, G.; Jallal, B.; Issing, W.; Ullrich, A. Heregulin-dependent regulation of HER2/neu oncogenic signaling by heterodimerization with HER3. EMBO J. 1995, 14, 4267–4275. [Google Scholar] [CrossRef] [PubMed]

	



Pinkas-Kramarski, R.; Soussan, L.; Waterman, H.; Levkowitz, G.; Alroy, I.; Klapper, L.; Lavi, S.; Seger, R.; Ratzkin, B.J.; Sela, M. Diversification of Neu differentiation factor and epidermal growth factor signaling by combinatorial receptor interactions. EMBO J. 1996, 15, 2452–2467. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Greenlee, E.B.; Amick, J.R.; Ligon, G.F.; Lillquist, J.S.; Natoli, E.J., Jr.; Hadari, Y.; Alvarado, D.; Schlessinger, J. Inhibition of ErbB3 by a monoclonal antibody that locks the extracellular domain in an inactive configuration. Proc. Natl. Acad. Sci. USA 2015, 112, 13225–13230. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Z.; Carrasco, R.A.; Schifferli, K.; Kinneer, K.; Tammali, R.; Chen, H.; Rothstein, R.; Wetzel, L.; Yang, C.; Chowdhury, P.; et al. A Potent HER3 Monoclonal Antibody That Blocks Both Ligand-Dependent and -Independent Activities: Differential Impacts of PTEN Status on Tumor Response. Mol. Cancer Ther. 2016, 15, 689–701. [Google Scholar] [CrossRef]

	



Nusinow, D.P.; Szpyt, J.; Ghandi, M.; Rose, C.M.; McDonald, E.R., 3rd; Kalocsay, M.; Jané-Valbuena, J.; Gelfand, E.; Schweppe, D.K.; Jedrychowski, M.; et al. Quantitative Proteomics of the Cancer Cell Line Encyclopedia. Cell 2020, 180, 387–402.e316. [Google Scholar] [CrossRef] [PubMed]

	



Bertelsen, V.; Stang, E. The Mysterious Ways of ErbB2/HER2 Trafficking. Membranes 2014, 4, 424–446. [Google Scholar] [CrossRef] [PubMed]

	



Giri, D.K.; Ali-Seyed, M.; Li, L.-Y.; Lee, D.-F.; Ling, P.; Bartholomeusz, G.; Wang, S.-C.; Hung, M.-C. Endosomal transport of ErbB-2: Mechanism for nuclear entry of the cell surface receptor. Mol. Cell. Biol. 2005, 25, 11005–11018. [Google Scholar] [CrossRef] [PubMed]

	



Cordo Russo, R.I.; Béguelin, W.; Díaz Flaqué, M.C.; Proietti, C.J.; Venturutti, L.; Galigniana, N.; Tkach, M.; Guzmán, P.; Roa, J.C.; O’Brien, N.A.; et al. Targeting ErbB-2 nuclear localization and function inhibits breast cancer growth and overcomes trastuzumab resistance. Oncogene 2015, 34, 3413–3428. [Google Scholar] [CrossRef]

	



Merrifield, R.B. Solid phase peptide synthesis. I. The synthesis of a tetrapeptide. J. Am. Chem. Soc. 1963, 85, 2149–2154. [Google Scholar] [CrossRef]

	



Bycroft, B.W.; Chan, W.C.; Chhabra, S.R.; Hone, N.D. A novel lysine-protecting procedure for continuous flow solid phase synthesis of branched peptides. J. Chem. Soc. 1993, 9, 778–779. [Google Scholar] [CrossRef]

	



Lin-Cereghino, J.; Wong, W.W.; Xiong, S.; Giang, W.; Luong, L.T.; Vu, J.; Johnson, S.D.; Lin-Cereghino, G.P. Condensed protocol for competent cell preparation and transformation of the methylotrophic yeast Pichia pastoris. BioTechniques 2005, 38, 44–48. [Google Scholar] [CrossRef] [PubMed]

	



Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685. [Google Scholar] [CrossRef] [PubMed]

	



Lo, H.-W.; Xia, W.; Wei, Y.; Ali-Seyed, M.; Huang, S.-F.; Hung, M.-C. Novel Prognostic Value of Nuclear Epidermal Growth Factor Receptor in Breast Cancer. Cancer Res. 2005, 65, 338. [Google Scholar] [PubMed]

	



Schillaci, R.; Guzmán, P.; Cayrol, F.; Beguelin, W.; Díaz Flaqué, M.C.; Proietti, C.J.; Pineda, V.; Palazzi, J.; Frahm, I.; Charreau, E.H.; et al. Clinical relevance of ErbB-2/HER2 nuclear expression in breast cancer. BMC Cancer 2012, 12, 74. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 03144 sch001 550] 





Scheme 1. Synthesis and structure of anti-ErbB2-anti-Erb3-bsFab formats. (A) Enzymatic synthesis of C- to N-linked anti-ErbB3-YRH-anti-ErbB2-bsFab via eTl-catalysis from anti-ErbB3-Fab-YRH and anti-ErbB2-RH-Fab; (B) Chemo–enzymatic synthesis of C- to C-linked anti-ErbB3-anti-ErbB2-bsFab via eTl-mediated coupling of click anchors to both Fabs (reaction 1a and 1b), followed by click coupling of the purified intermediate Fab products (reaction 2); (C) Enzymatic synthesis of C- to C-linked anti-ErbB3-anti-ErbB2-bsFab via a two-step eTl-catalysis initiated by the enzymatic coupling of anti-ErbB2-Fab-YRH to linker 5, followed by a second enzymatic coupling of the purified intermediate to anti-ErbB3-Fab-YRH. Light grey Fab: anti-ErbB3-Fab-YRH, dark grey Fab: anti-ErbB2-Fab; eTl: enhanced Trypsiligase. 
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Figure 1. Structures of click linkers used. H-RHAC(Mal-PEG3-TCO)-OH (1) and H-RHAC(Mal-PEG4-MeTz)-OH (2) were used for IEDDA; H-RHAK(PSA)-OH (3) and H-RHAC(Mal-PEG4-DBCO)-OH (4) were used for SPAAC; H-RHAGGK(H-RHAGG)GGWGGK(N3)-OH (5) was used for enzymatic C- to C-terminal Fab coupling. Mal: maleiimide, TCO: trans-cyclooctene, MeTz: methyltetrazine, PAA: pentanoic acid azide, DBCO: dibenzocyclooctyne. 
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Figure 2. Synthesis of C- to N-terminal conjugated bsFab via direct eTl-coupling of anti-ErbB3-Fab-YRH and anti-ErbB2-RH-Fab. (A) Kinetics of product formation with reaction yields of about 60%, a: anti-ErbB3-YRH-anti-ErbB2-bsFab, b: anti-ErbB2-RH-Fab; (B) Time-resolved SDS-PAGE analysis of coupling reaction, c: anti-ErbB3-Fab-YRH, M: molecular marker; (C) MS analysis of the final bsFab product after purification by SEC, anti-ErbB3-YRH-anti-ErbB2-bsFab Mcalcd: 94,804 Da, Mfound: 94,805 Da. Light grey Fab: anti-ErbB3-Fab-YRH, dark grey Fab: anti-ErbB2-Fab-RH; eTl: enhanced Trypsiligase. Reaction conditions: 20 µM anti-ErbB2-RH-Fab, 100 µM anti-ErbB3-Fab-YRH, 2.5 µM eTl, 50 µM ZnCl2, 100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2. 
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Figure 3. Coupling of anti-ErbB2-Fab-YRH and anti-ErbB3-Fab-YRH to click linkers 1 and 2, respectively, via eTl-catalysis. (A) Reaction kinetics with maximum product yields higher than 72%, light grey line: anti-ErbB2-Fab-TCO, grey line: anti-ErbB3-Fab-MeTz; (B) HPLC analysis of the reaction mixture of anti-ErbB2-Fab-YRH with TCO click linker 1 at 0 min (light grey) and 75 min (dark grey) reaction times; (C) Mass spectrogram of the reaction mixture of anti-ErbB2-Fab-YRH with TCO click linker 1 after 75 min reaction time and after separation of excess click anchor via affinity chromatography (a: anti-ErbB2-Fab-TCO Mcalcd: 48,860 Da, Mfound: 48,861 Da, b: anti-ErbB2-Fab-YRH Mcalcd: 49,548 Da, Mfound: 49,549 Da, c: anti-ErbB2-Fab-Y-OH Mcalcd: 47,870 Da, Mfound: 47,871 Da). Light grey Fab: anti-ErbB3-Fab-YRH, dark grey Fab: anti-ErbB2-Fab-YRH; eTl: enhanced Trypsiligase. Reaction conditions: 100 µM anti-ErbB2-Fab-YRH and anti-ErbB3-Fab-YRH, 500 µM click linker 1 and 2, 10 µM eTl, 100 µM ZnCl2, 100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2. 
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Figure 4. Course and analysis of the click reaction of eTl synthesized anti-ErbB3-Fab-MeTz with anti-ErbB2-Fab-TCO forming anti-ErbB3-Fab-IEDDA-anti-ErbB2-bsFab. (A) Time-resolved UPLC analysis of the click reaction showing a complete conversion within 0.5 h of the reaction time, a: anti-ErbB3-Fab-IEDDA-anti-ErbB2-bsFab, b: anti-ErbB3-Fab-MeTz, c: anti-ErbB2-Fab-TCO; (B) MS analysis of the click reaction after reaction start, 2 h reaction time and, of the final conjugation product (a: anti-ErbB3-Fab-IEDDA-anti-ErbB2-bsFab Mcalcd: 96,536 Da, Mfound: 96,537 Da, b: anti-ErbB3-Fab-MeTz Mcalcd: 47,704 Da, Mfound: 47,705 Da, c: anti-ErbB2-Fab-TCO Mcalcd: 48,860 Da, Mfound: 48,861 Da); (C) Time-resolved SDS-PAGE analysis of the click reaction (1: anti-ErbB3-Fab-MeTz, 2: anti-ErbB2-Fab-TCO, M: molecular marker); (D) UPLC profile of anti-ErbB3-Fab-IEDDA-anti-ErbB2-bsFab conjugate after purification via SEC. Light grey Fab: anti-ErbB3-Fab-MeTz, dark grey Fab: anti-ErbB2-Fab-TCO. Reaction conditions: 30 µM anti-ErbB3-Fab-MeTz, 60 µM anti-ErbB2-Fab-TCO in PBS, (A): 30–50% acetonitrile/ddH2O in 10 min, (D): 10–80% acetonitrile/ddH2O in 10 min. 
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Figure 5. Results of the enzymatic C- to C-terminal coupling of anti-ErbB2-Fab-YRH and anti-ErbB3-Fab-YRH via linker 5. (A) Reaction kinetics: the single modified product (black line) was mainly formed while only traces of the homodimeric product (dark grey line) were generated. a: anti-ErbB2-Fab-linker 5, b: anti-ErbB2-Fab-YRH, c: homodimeric anti-ErbB2-linker 5-anti-ErbB2-Fab; (B) MS analysis of the product purified by HIC, a: anti-ErbB2-Fab-linker 5 Mcalcd: 49,538 Da, Mfound: 49,539 Da; (C) Reaction course of anti-ErbB2-linker 5-anti-ErbB3-bsFab synthesis with yields of about 60% analyzed by HIC, d: anti-ErbB2-linker 5-anti-ErbB3-bsFab; (D) MS analysis of the purified bsFab, anti-ErbB2-linker 5-anti-ErbB3-bsFab Mcalcd: 96,244 Da, Mfound: 96,245 Da. Reaction conditions: (A): 100 µM anti-ErbB2-Fab-YRH, 500 µM linker 5, 10 µM eTl, 100 µM ZnCl2; (C): 20 µM anti-ErbB2-Fab-linker 5, 100 µM anti-ErbB3-Fab-YRH, 2.5 µM eTl, 50 µM ZnCl2; (A,C): 100 mM HEPES/NaOH, pH 7.8, 100 mM NaCl, 10 mM CaCl2. 
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Figure 6. Internalization of anti-ErbB3-IEDDA-anti-ErbB2-bsFab compared to the single anti-ErbB2- and anti-ErbB3-Fab by lysosome-stained SKBR-3 cells after 24 h. Lysosomes were stained with LysoBriteBlue, single and bispecific Fabs were modified with AlexaFluor568 NHS ester. IEDDA: inverse electron-demand Diels–Alder reaction. 
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Figure 7. Internalization of anti-ErbB3-IEDDA-anti-ErbB2-bsFab compared to the single anti-ErbB2- and anti-ErbB3-Fab by lysosome-stained HCC-1954 cells after 24 h. Lysosomes were stained with LysoBriteBlue, single and bispecific Fabs were modified with AlexaFluor568 NHS ester. IEDDA: inverse electron-demand Diels–Alder reaction. 
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Figure 8. Internalization of anti-ErbB3-IEDDA-anti-ErbB2-bsFab compared to the single anti-ErbB2- and anti-ErbB3-Fab by cell nucleus-stained HCC-1954 cells after 24 h. Substantial portions of the bsFabs could be found in the cell nucleus. Cell nuclei were stained with HOECHST33342, single and bispecific Fabs were modified with AlexaFluor568 NHS ester. IEDDA: inverse electron-demand Diels–Alder reaction. 
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Table 1. Comparison of dissociation constants of single and bispecific ErbB2- and ErbB3-Fabs determined by SPR. Biotinylated ErbB2 or ErbB3 ectodomains were immobilized separately on streptavidin sensor chips; no binding was detected. SPAAC: strain-promoted alkyne-azide cycloaddition, IEDDA: inverse electron-demand Diels–Alder reaction.
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	ErbB3-ECD

KD (pM)
	ErbB2-ECD

KD (pM)





	anti-ErbB3-Fab-YRH
	99 ± 22
	-



	anti-ErbB2-Fab-YRH
	-
	139 ± 31



	anti-ErbB2-RH-Fab
	-
	137 ± 43



	anti-ErbB2-SPAAC-anti-ErbB3
	73 ± 21
	130 ± 28



	anti-ErbB3-IEDDA-anti-ErbB2
	63 ± 19
	113 ± 20



	anti-ErbB3-YRH-anti-ErbB2
	95 ± 45
	138 ± 46



	anti-ErbB2-linker 5-anti-ErbB3
	97 ± 33
	108 ± 20
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