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Abstract
Antibody conjugates form a foundation for many research-, diagnostic-, and therapeutic 
applications. Despite the robustness and efficiency of existing antibody conjugation 
techniques, the challenge of efficiently obtaining homogeneous products remains. 
Here, we developed a versatile modular method for site-directed antibody conjugation 
using the small protein ubiquitin. We show that ubiquitin, when fused to antibodies 
or antibody fragments, is conjugated using in vitro ubiquitin ligation with an average 
efficiency of 94%. We effectively applied this method, which we named ubi-tagging, to 
conjugate chemically synthesized ubiquitin with a site-specifically incorporated payload 
(fluorophore) to ubi-tagged Fab fragments. Additionally, we show that this method 
can be efficiently used to generate di-, tri-, and multi-valent antibody complexes and 
to generate a bi-specific T cell activator. The combined use of both recombinant ubi-
tags and synthetic ubiquitin allows homogeneous site-directed antibody conjugation 
with defined conjugates incorporating precise functionalities while retaining antibody 
functionality.

Introduction
Antibodies are indispensable tools in the fields of chemical biology, diagnostics and 
therapeutics, owing to their high selectivity and affinity towards specific target 
molecules.

Over the past decade, the interest in antibody-based reagents and therapeutics of 
higher complexity than monoclonal antibodies has been growing steeply. This led to 
the soaring development of antibody engineering technologies for the production of 
antibody conjugates and multivalent antibody formats such as antibodies conjugated 
to fluorophores for analytical or diagnostic applications, antibodies conjugated to 
small molecules forming antibody-drug conjugates (ADCs), and bi- or multi-specific 
antibodies targeting multiple targets simultaneously.

Conventional antibody conjugation strategies rely on the random attachment to 
certain amino acid residues along the antibody. These techniques make use of the 
chemical properties of the side chain of lysine or cysteine residues through NHS labeling 
or thiol-reactive maleimide groups, respectively1–3. Despite being used in clinical-grade 
antibody products, such random modifications result in highly heterogeneous products, 
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with limited control over the number and site of modifications, often compromising 
antibody functionality and pharmacokinetics4–7. Remarkable advances have been made 
in developing site-specific conjugation techniques to overcome these challenges, 
including the incorporation of non-natural amino acids in the antibody sequence 
carrying reactive groups for bio-orthogonal chemistry 8–12, glycan-remodeling of native 
glycans to install an unnatural sugar containing a conjugation handle13–15, and the 
fusion of a peptide tag to the antibody that can be specifically modified enzymatically. 
Well-exemplified in the latter category are ligation strategies based on enzymes such 
as transglutaminase, formylglycine-generating enzyme (FGE), and sortase. Microbial 
transglutaminase (mTG) recognizes a specific glutamine-containing sequence and 
covalently attaches an amine-functionalized linker carrying a payload or conjugation 
handle to the glutamine residue while expelling ammonia5,16. Formylglycine-generating 
enzyme (FGE) converts the cysteine residue present in its recognition motif to an 
aldehyde functional group which serves as a conjugation handle17,18, while sortase 
mediates the ligation of its recognition sequence to an oligoglycine peptide attached 
to a payload, peptide or conjugation handle19–22. These techniques are site-specific and 
modular for the ligation of synthetic payloads to antibodies or antibody fragments, 
however, significant challenges remain. In particular, long reaction times on the order 
of hours and even days, limited reaction efficiency, and poor yields are key limitations to 
using these techniques5,17,21–23. Additionally, a two-step approach is required when using 
these techniques for protein-protein conjugation, for example to generate a bispecific 
antibody23,24, which is time consuming and often leads to reduced yields.

To address these limitations, here we introduce a novel versatile modular approach 
for site-specific antibody conjugation based on ubiquitin biochemistry and the chemical 
synthesis of ubiquitin-related tools. We set out to determine the use of ubiquitin as 
a conjugation tag for the site-selective attachment of different moieties to antibodies 
and the generation of multivalent antibody complexes in a controlled manner using 
ubiquitinating enzymes (Fig. 1a). 

Ubiquitin (Ub) is a small protein tag involved in almost all cellular processes25–28. 
It is a 76-amino acid post-translational modifier that is covalently attached to target 
proteins in a highly regulated process called ubiquitination. This process is coordinated 
by an enzymatic cascade involving ubiquitin-activating (E1)29, ubiquitin-conjugating 
(E2)30, and ubiquitin-ligating (E3)31,32 enzymes, resulting in the covalent attachment of 
the C-terminal glycine residue of ubiquitin to the N-terminus or lysine residues of target 
proteins. Ubiquitin molecules also have the ability to be conjugated to each other at 
one of the seven internal lysine residues or at the N-terminal methionine residue. This 
results in the formation of ubiquitin chains with different linkage types26. Notably, the 
linkage type involved in ubiquitin chain-formation is regulated by different E2 and E3 
enzymes31–34. Linkage-specific ubiquitin chains of all types can therefore be efficiently 
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ligated in vitro using the appropriate recombinant E1, E2, and E3 enzymes35. The E2 
and E3 can be provided as a fusion protein36 to increase ligation activity (Fig. 1a). In 
addition, using specific ubiquitin mutants, the process of ubiquitin chain formation can 
be fully controlled35,37. These features combined make the exploitation of ubiquitin and 
the ubiquitination machinery an interesting approach to selectively generate antibody 
conjugates that are site-specifically joined through ubiquitin chains of a specific 
ubiquitin-linkage type. Fusing ubiquitin to an antibody at a position not affecting its 
binding, hereafter referred to as ubi-tagging, would allow the precise in vitro engineering 
of this ubiquitin at specific lysine residues depending on the E2 and E3 used. Ubi-tagged 
antibodies can be conjugated to another ubiquitin fused-antibody, making a bispecific 
antibody, or to a chemically synthesized ubiquitin carrying selected modifications such 
as a fluorophore, label, or cytotoxic drug. This provides a modular platform for the 
generation of ubiquitin-based antibody conjugates of limitless different architectures, 
marrying the advantages of (therapeutic) protein engineering and synthetic chemistry.

The vast potential of ubi-tagging is exemplified by the generation of homogeneous 
conjugates, including fluorescently-labeled Fab fragments and defined Fab multimers. 
Moreover, we demonstrate ubiquitin chain elongation of Fab hetero-dimers to form 
hetero-trimers and show that ubi-tagged conjugates can be site-specifically cleaved 
using deubiquitinating enzymes.

Results
Generation and characterization of ubi-tagged antibody fragments
As a proof of principle, we selected monovalent Fab fragments to characterize ubiquitin 
conjugation in the context of antibody-ubiquitin fusion. The Fab fragment is produced 
as a fusion protein with a ubi-tag followed by a His-tag at the C-terminus of its heavy 
chain (Fig. 1b). We generated recombinant ubi-tagged Fab fragments using CRISPR/HDR, 
which we recently developed for the production of modified recombinant antibodies38. 
The IgH locus of parental hybridoma cell line anti-CD3 (KT3, mIgG2a) WT was genetically 
modified to switch production from WT mAbs to ubiquitin-His-tagged Fabs (Fig. 1c). The 
genetically-modified monoclonal cell lines were assessed for the secretion of Ubiquitin-
His-tagged Fab fragments using an anti-his secondary antibody. The supernatant of over 
80% of the single-cell colonies that grew out after antibiotic selection were positive for 
the His-tag, indicating that these edited monoclonal cell lines produced a ubi-tagged 
Fab fragment (Fig. 1d). Next, we selected a monoclonal cell line highly expressing the 
ubi-tagged Fab and expanded it for further characterization. The Fab fragments isolated 
from the supernatants were validated for the presence of the ubi-tag on the heavy chain 
by resolving on SDS-PAGE, with or without prior reduction using β-mercaptoethanol, 
followed by anti-ubiquitin western blotting (Fig. 1e).
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Figure 1| Generation and site-specific labeling of ubi-tagged antibody fragments. (a) Schematic 
illustration of ubi-tag conjugation using the ubiquitination cascade. The ubi-tag C-terminus is activated 
by the E1 enzyme to form a thioester bond. The activated ubi-tag is then transferred to an E2 enzyme 
which then, with the help of an E3 enzyme, specifically transfers it to a lysine residue of another ubiquitin 
or ubi-tag, forming a ubi-tag dimer linked via an iso-peptide bond. (b) Schematic representation of 
the general CRISPR/HDR hybridoma genome editing approach for the generation of ubi-tagged Fab 
fragments where ubiquitin (red) is fused to the C-terminus of the heavy chain of a Fab (green) followed 
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by a His-tag (purple). (c) The IgH locus of KT3 is targeted for double strand break by gRNA_H to allow the 
integration of the homology directed repair (HDR) template consisting of a ubi-tag, His-tag, an internal 
ribosomal entry site (IRES) and blasticidin resistance gene (BSR) (d) Flow cytometry screening of clonal 
supernatants of the CRISPR/HDR targeted cells following limiting dilution, showing EL4 cells expressing 
mCD3 incubated with the supernatants followed by anti-his secondary antibody. (e) SDS-PAGE analysis 
of purified Fab-Ub in the absence or presence of β-mercaptoethanol, stained with Coomassie Blue and 
analyzed by western blot using an anti-Ub antibody. (f) Coomassie staining and western blot analysis 
of hybridoma culturing media containing ubi-tagged Fab after 2 and 5 days in presence or absence of 
Ubiquitin-propargylamide (Ub-PA). (g) Antigen binding competition assay of murine CD3 Fab-Ub against 
fluorescently-labeled parental mAb of the same clone. Representative of n=3 independent experiments.

Isolation and functional characterization of ubi-tagged antibody fragments
After expansion, the modified hybridoma cells were cultivated for antibody fragment 
production for 7 to 10 days. After cultivation, we observed that the ubi-tagged Fabs 
partially or fully lost the C-terminal His-tag, depending on the duration in which the 
hybridoma cells were cultivated. We hypothesized that the C-terminal His-tag is 
possibly lost during culture due to deubiquitinating enzymes (DUBs) released by dying 
cells into the culturing media cleaving the His-tag from the C-terminus of ubiquitin39–41. 
To test this, we cultivated the modified hybridoma cells in presence or absence of 
C-terminally propargylated ubiquitin (Ub-PA), known to selectively inhibit cysteine 
DUBs, and detected the presence of the His-tag on the ubi-tagged Fab secreted in the 
supernatant at day 2 and 5 of cultivation by anti-his western blot analysis. In absence 
of Ub-PA in the culture media, on day 2 a thin band was observed by western blot 
analysis which decreased in intensity by day 5 (Fig 1f). Also when the ubi-tagged Fab 
containing supernatants were visualized by coomassie, in absence of Ub-PA, two bands 
were observed corresponding to Fab-Ub-his and Fab-Ub. However, in presence of Ub-
PA in the culture media, a single band is observed by Coomassie and on western blot 
the intensity of the band increased, indicating that indeed the loss of the His-tag during 
cultivation can be resolved by supplementing the culture medium with 1 µM Ub-PA (Fig. 
1f). Following cultivation and isolation of the ubi-tagged Fab-fragment, we performed 
a competitive antigen binding assay to confirm that the ubi-tagged Fab-fragment 
retained antigen binding. Here, we used the CD3 expressing cell line EL442 to compete 
a fixed concentration of fluorescently labeled parental antibody against increasing 
concentrations of unlabeled ubi-tagged Fab CD3. The ubi-tagged Fab competed with 
the fluorescent parental antibody in a dose-dependent manner, indicating that antigen 
binding was retained (Fig. 1g).

Site-specific fluorescent labeling of ubi-tagged Fab fragments
Having validated that the binding of a ubi-tagged antibody fragment to its cognate 
antigen is retained, we next set out to determine the feasibility of using ubiquitin 
as a conjugation tag. Three main determinants crucial for the specificity of ubi-tag 
conjugation are: (1) the ubiquitinating enzymes specific for a single lysine linkage-
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type, (2) the acceptor ubi-tag (ubacc) carrying the corresponding lysine residue while 
having an unavailable C-terminal glycine, and (3) the donor ubi-tag (Ubdon) having a free 
C-terminal glycine while the conjugating enzyme-specific lysine is mutated. This design 
ensures that the two different ubi-tagged moieties are only conjugated to one another 
and prevents either of them from being conjugated to a similar ubi-tag moiety (Fig. 2a). 

To assess the efficiency of using ubiquitin as a conjugation tag for the introduction 
of a payload to the ubi-tagged Fab, we used a donor ubi-tagged Fab, hereafter 
referred to as Fab-Ubdon, and a chemically synthesized acceptor ubiquitin carrying a 
rhodamine fluorophore on its N-terminus, hereafter referred to as Rho-Ubacc (Fig. 2a 
and Supplementary Fig. 1). For this conjugation reaction, the lysine-48 (K48)-specific 
ubiquitin E2-E3 fusion protein gp78RING-Ube2g2 was used36. To validate our design 
and confirm that no self-tagging occurs, the ubi-tag conjugation was carried out in the 
presence or absence of the donor and acceptor ubi-tag, respectively. In the presence 
of both Rho-Ubacc and Fab-Ubdon, a single fluorescent band was observed after 30 
minutes, indicating the formation of a single product corresponding to a Fab attached 
to a fluorescent label through ubiquitin chain formation (Fig. 2b). In the absence of 
either Rho-Ubacc or Fab-Ubdon, no product formation was observed. In the absence of 
Rho-Ubacc, the band shifting upwards at around 90 kDa after 30 minutes on Coomassie 
corresponds to the molecular weight of Fab-Ubdon loaded on the E2-E3 enzyme. The 
product of the conjugation reaction, fluorescently labeled Fab (hereafter Rho-Ub2-
Fab), was purified using Protein G affinity purification and analyzed using ESI-TOF 
mass spectrometry (Fig. 2b). The disappearance of the mass peak corresponding to 
the mass of Fab-Ubdon indicated that it was completely consumed in the conjugation 
reaction and the mass observed corresponded to the calculated mass of the covalently 
attached Rho-Ub2-Fab (Fig. 2b). The efficiency of ubi-tag conjugation reactions carried 
out in the scope of this study were quantified, showing an average efficiency of 94% for 
all reactions involving ubi-tagged Fab fragments (Supplementary Fig. 2). To assess the 
effect of ubi-tag conjugation on protein stability, we compared the thermal unfolding 
profiles of Rho-Ub2-Fab to that of the unconjugated Fab-Ubdon. We monitored the 
temperature-dependent change in intrinsic protein fluorescence to determine the 
infliction temperature at which the protein unfolds. Both conjugated and unconjugated 
ubi-tag Fab showed an infliction temperature of about 75 ᵒC, indicating that ubi-tagging 
does not alter protein stability (Fig. 2c). Next, we used flow cytometry to compare 
the staining of CD3 positive mouse splenocytes with Rho-Ub2-Fab CD3 to the staining 
with FITC-labeled parental antibody (Fig. 2d). Both Rho-Ub2-Fab CD3 and FITC labeled 
parental antibody showed a comparable percentage of CD3-positive cells, illustrating 
that ubi-tag conjugation does not hinder antigen binding.
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Figure 2| Ubi-tag conjugation for the site-specific fluorescent labeling of a ubi-tagged Fab 
fragment (a) Schematic representation of the concept of K48-specific ubi-tag conjugation for 
the fluorescent labeling of Fab-Ub. (b) Labeling of Fab-Ubdon with Rho-Ubacc using K48-specific 
ubiquitination enzymes shown by non-reducing SDS-PAGE followed by fluorescent imaging 
and Coomassie Blue staining. The deconvoluted ESI-TOF mass spectrum of the Fab fragments 
isolated from the reaction mixture confirmed the conjugation of all Fab-Ubdon to form Rho-
Ub2-Fab. (c) Thermal unfolding profiles of Fab-Ub (blue) and the conjugated Rho-Ub2-Fab (red) 
showing similar thermostability. (d) Histograms of mouse splenocytes showing the percentage 
CD3 positive cells stained with Rho-Ub2-Fab CD3 or FITC-mAb CD3 analyzed by flow cytometry.

Bi-and tri-valent antibody formats using ubi-tag conjugation
Having established and validated ubi-tag conjugation for antibody fragments, we 
next decided to assess the production of multimeric antibody formats using ubi-
tag conjugation. We first evaluated the upper limit for the multimerization reaction 
efficiency, using a ubi-tagged Fab where the fused ubiquitin has both the acceptor 
lysine available as well as a free C-terminal glycine (hereafter referred to as Fab-UbWT) 
to allow the formation of higher-order ubiquitin chains (Fig. 3a). Within 30 minutes of 
the conjugation reaction, the majority of Fab-UbWT was converted to multimeric Fab-
Ub chains, showing the feasibility of the ubiquitination enzymes to elongate the Fab-
Ub chains forming multimers as high as the 11th order and beyond, indicating that a 
large cargo such as a Fab of 50 kDa does not hamper ubi-tag conjugation (Fig. 3b and 
Supplementary Fig. 3).
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Figure 3| Site-specific Fab multimerization and dimerization through ubi-tag conjugation. (a) 
Schematic overview of ubi-tag based multimerization reaction of Fab-UbWT, where both the 
C-terminal glycine residue as well as lysine 48 are available for conjugation. (b) Non-reducing SDS-



Chapter 2

38

PAGE gel stained with Coomassie Blue visualizing multimerization of Fab-UbWT in 30 minutes. 
(c) Schematic diagram of site-specific heterodimerization of ubi-tagged Fab-fragments. (d) Non-
reducing SDS-PAGE analysis of site-specific conjugation to generate Fab-Ub2-Fab. Here, both 
ubi-tagged Fab moieties target mCD3. (e) Thermal unfolding of Fab-Ub2-Fab (red) compared to 
Fab-Ub (blue) showing that dimerization does not compromise the stability of the ubi-tagged 
Fab fragment. (f) Competition binding assay of each of Fab-Ub (green), Fab-Ub2-Fab (blue), and 
parental mAb (red) targeting mCD3 against fluorescently labeled parental mAb. Representative 
experiment of n=3, each condition performed in triplicates. Data are shown as mean ±SD.

Next, we set out to make a bivalent monospecific Fab-Ub2-Fab against mouse CD3. The 
monospecific Fab heterodimer was efficiently generated by conjugating a Fab CD3-
Ubacc, with a His-tag blocking the C-terminal glycine, to a Fab CD3-Ubdon with a UbK48R 
mutation (Fig. 3c and 3d). The resulting Fab-Ub2-Fab was assessed for its thermostability 
compared to the Fab-Ub monomer. Indeed, dimerization did not influence the 
thermostability compared to the monomer (Fig. 3e). To validate the functionality and 
assess the avidity effect of the bivalent antibody format compared to the monovalent 
Fab-Ub, a competition binding assay was performed using EL4 cells expressing 
mouse CD3 (Fig. 3f). For this, we competed a fixed concentration of fluorescently-
labeled parental antibody against increasing concentrations of Fab-Ub, Fab-Ub2-Fab, 
and unlabeled parental antibody. Fab-Ub2-Fab showed a lower IC50 compared to the 
monovalent Fab-Ub which we attribute to the increased avidity of the bi-valent format. 
Next, we set out to investigate the feasibility of site-specific ubiquitin chain elongation 
of the hetero-dimeric Fab-Ub2-Fab to form a hetero-trimer. We reasoned that exposing 
the C-terminal glycine of the Ubacc of the Fab dimer would transform it into a Fab-Ub2

don-
Fab, allowing it to be available for conjugation to a third Ubacc moiety (Fig. 4a). For this 
purpose, we used the deubiquitinating enzyme (DUB) UCHL3, known to exclusively 
liberate the C-terminus of Ub and not the isopeptide linkage in the Ub2, to cleave the 
His-tag from the C-terminus of the Ub2

 40,41,43. The cleavage reaction was monitored by 
mass spectrometry, detecting a decrease in mass of the heavy chain dimer of 1371 
Da, corresponding to the His10-tag being cleaved off (Fig. 4b). Following isolation from 
the reaction mixture, the Fab-Ub2

don-Fab, now carrying an available C-terminus, was 
conjugated to Rho-Ubacc . Also this reaction showed to be highly efficient, where after 
30 minutes almost all heavy chain dimer was conjugated to Rho-Ubacc as shown by 
Coomassie staining and fluorescent scan of the protein gel ran in reducing conditions 
(Fig. 4c). Similarly, the heterotrimer formation by conjugating Fab-Ub2

don-Fab to a third 
Fab fused to a Ubacc proved to be efficient, showing that the majority of the dimer 
converted into a trimer after 30 minutes (Fig. 4d).
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Figure 4| Generation of heterotrimeric ubi-tagged antibody complexes (a) Schematic illustration of 
ubiquitin chain elongation to form hetero-trimeric antibody complexes (b) Deconvoluted ESI-TOF mass 
spectra of the heavy chain dimer of Fab-Ub2-Fab and Fab-Ub2

don-Fab, showing the liberation of the 
His10-tag from Fab-Ub2-Fab by UCHL3 (calculated mass different = 1371 Da, observed mass difference = 
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1371 Da). (c) Conjugation of Fab-Ub2
don-Fab to Rho-Ubacc analyzed by SDS-PAGE in reducing conditions 

followed by fluorescent imaging and Coomassie Blue staining. (d) Reducing SDS-PAGE analysis 
showing the conjugation of the heterodimer Fab-Ub2

don-Fab to Fab-Ubacc to form a Fab heterotrimer.

Ubi-tag conjugation is site-specifically reversible by DUBs
Lastly, we set out to investigate whether the internal isopeptide bond in the generated 
ubi-tagged conjugates were recognized and processed by deubiquitinating enzymes. 
We reasoned that cleaving ubi-tagged conjugates could potentially further expand the 
applications of this technology when used in a context where the controlled disassembly 
of the conjugate is desirable (Fig. 5a). However, the presence of DUBs in a biological 
setting could also be detrimental to the stability and functionality of the ubi-tagged 
conjugates. To investigate whether DUBs are capable of cleaving ubi-tagged conjugates, 
we selected OTUB1, a DUB known to have a preference for cleaving K48-linked ubiquitin 
chains44, and assessed its effect on the K48-linked Rho-Ub2-Fab when incubated 
together over time by Coomassie staining and fluorescent scan of the protein gel. As 
shown in figure 5b, the fluorescence intensity of the upper band corresponding to Rho-
Ub2-Fab decreases over time while a lower band running around 10kDa corresponding 
to Rho-Ub appears and increases in intensity. Similarly, on Coomassie over time the 
upper band corresponding to Rho-Ub2-Fab decreases in intensity while two bands at 
around 55kDa and 10 kDa appear and increase in intensity, corresponding to Fab-Ub 
and Rho-Ub respectively. This indicated that the K48-linked Rho-Ub2-Fab was processed 
and cleaved by OTUB1. Next, we investigated the stability of Rho-Ub2-Fab in human 
serum in vitro as a preliminary indication for the usability of ubi-tag conjugation for 
diagnostic or therapeutic applications. Here, we monitored the stability of Rho-Ub2-
Fab when incubated in human serum in vitro at 37ᵒC over 24 hours (Fig. 5c). Notably, 
the band corresponding to Rho-Ub2-Fab remained equal in intensity over time while 
no new bands appeared indicating that Rho-Ub2-Fab remained stable in human serum 
in vitro for more than 24 hours. To validate that a ubi-tagged Fab conjugate carrying 
a larger cargo such as a ubi-tagged Fab-dimers could still be processed by DUBs, we 
incubated the K48-linked Fab-Ub2-Fab with OTUB1 and monitored its stability over time 
(Fig. 5d and 5e). After 90 minutes, the majority of Fab-Ub2-Fab was cleaved and a band 
corresponding to the Fab-Ub monomers could be observed indicating that larger ubi-
tagged conjugates such as Fab-Ub2-Fab are still recognized and cleaved by OTUB1.
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Figure 5| Site-specific disassembly of ubi-tagged antibody conjugated by DUBs. (a) Schematic 
representation of the disassembly of K48 linked Rho-Ub2-Fab by deubiquitinating enzymes to form 
the monomers Fab-Ubdon and Rho-Ubacc. (b) Cleavage of Rho-Ub2-Fab by the K48-specific DUB OTUB1 
shown by non-reducing SDS-PAGE followed by fluorescent imaging and Coomassie Blue staining. 
(c) In vitro stability of Rho-Ub2-Fab in human serum analysed by SDS-PAGE in reducing conditions, 
visualized by fluorescent imaging and Coomassie Blue staining. (d) Schematic illustration of Fab-
Ub2-Fab cleaved by DUBs to form the Fab-Ubdon and Fab-Ubacc monomers. (e) K48-linked Fab-Ub2-
Fab cleavage by OTUB1 analyzed by non-reducing SDS-PAGE followed by Coomassie blue staining.

mAb conjugation and Tetravalent antibody formats 
To show that ubi-tagging is not restricted to antibody fragments but can also be applied 
to full mAbs, we produced recombinant mAbs with a ubi-tag fused to the C-terminus 
of each heavy chain. We produced two ubi-tagged mAbs, TA99 anti-TRP1 carrying an 
acceptor ubi-tag and 2C11 anti-mCD3 carrying a donor ubi-tag. We generated the 
ubi-tagged anti-TRP1 mAb using the hybridoma genome editing technology38, where 
we targeted the hinge region of the TA99 anti-TRP1 hybridoma to introduce an Fc-
silent domain to which acceptor ubiquitin (UbΔGG) was fused. The Fc-silent domain 
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was introduced to avoid Fc-mediated immune activation in the following applications. 
Stable ubi-tagged antibody-producing hybridoma clones were obtained, and Ubi-
tagged mAbs were validated for the presence of the ubi-tag using western blot analysis 
(Supplementary Fig. 4). The ubi-tagged 2C11 anti-mCD3 mAbs were generated by 
overexpression of the mAbs in HEK-293 cells. Here, the Fc-silent domain was also 
introduced to which the donor ubi-tag was fused. Both ubi-tagged mAbs were purified 
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Figure 6| Ubi-tag conjugation for the fluorescent labeling of ubi-tagged mAbs (a) Schematic 
representation of the K48-specific ubi-tag conjugation for the fluorescent labeling of anti-TRP1 mAb-
Ubacc to Rho-Ubdon. (b) Schematic representation of the ubi-tag conjugation of anti-mCD3 mAb-Ubdon to 
Rho-Ubacc. (c) Conjugation of Rho-Ubdon to anti-TRP1 mAb-(Ubacc)2 analyzed by SDS-PAGE under reducing 
conditions and visualized by fluorescent imaging and Coomassie Blue staining. (d) Conjugation of Rho-
Ubacc to anti-mCD3 mAb-(Ubdon)2 analyzed by SDS-PAGE under reducing conditions and visualized by 
fluorescent imaging and Coomassie Blue staining.

using Protein A affinity  purification and the purified ubi-tagged mAbs were assessed by 
mass spectrometry (Supplementary Fig. 5). 

To assess the conjugation efficiency of ubi-tagged mAbs and determine if full 
conjugation is achievable, we decided to first test the ubi-tag conjugation of both donor 
and acceptor ubi-tagged mAbs to a ubitag carrying a small cargo, a rhodamine moiety, 
to either an acceptor or donor respectively (Fig. 6a-b). We tested the conjugation of 
the mAb fused to an acceptor ubiquitin, hereafter mAb-(Ubacc)2, to Rho-Ubdon. After 
30 minutes, the heavy chains of mAb-(Ubacc)2 were fluorescently labeled as shown 
by Coomassie staining and fluorescent scan in figure 6c. The protein gel was run in 
reducing conditions, and it can be appreciated that the complete upward shift of the 
band corresponding to the ubi-tagged heavy chain indicates that both ubi-tags on each 
of the heavy chains were conjugated to Rho-Ub. To confirm that ubi-tagged mAbs can 
be efficiently conjugated in both acceptor and donor ubi-tag formats, we conjugated a 
mAb-(Ubdon)2 to Rho-Ubacc. Indeed, both ubi-tagged mAb formats showed similarly high 
conjugation efficiency (Fig. 6d).

Next, we attempted to form a tetravalent bispecific-antibody conjugate applying 
ubi-tagging. We aimed for a bispecific T cell engager (BiTE) in two ubi-tagged formats, 
one by conjugating anti-TRP1 Fc-silent mAb-(Ubacc)2 to anti‑mCD3 (clone 145-2C11) 
Fab-Ubdon and the other by conjugating anti-mCD3 Fc-silent mAb-(Ubdon)2 to anti‑TRP1 
Fab-Ubdon (Fig 7a-b). The conjugation reactions reached near completion in 60 minutes 
(Fig. 7c-d) in which the majority of the unconjugated mAb-(Ub)2 were converted to 
the tetravalent bispecific-antibody conjugate mAb-(Ub2-Fab)2. After purification the 
functionality of these two ubi-tagged BiTEs were evaluated in an in vitro T cell activation 
and cytotoxicity assay. Here, WT or TRP1 transfected KPC3 cells (KPC3-TRP1) were 
co-cultured with CD8 T cells from WT C57BL6/J mice and incubated with increasing 
concentrations of either of the two bispecific antibody complexes or the combination of 
their corresponding unconjugated mAb-(Ubacc)2 and Fab-Ubdon(Fig.7e-f). Flow cytometry 
analysis revealed that both ubi-tagged BiTEs induced a dose-dependent T cell activation 
as measured by the increased expression of Ki67, granzyme B, CD69 and 4-1BB (CD137) 
by the T cells, only when co-cultured with KPC3-TRP1 cells and not with KPC3 WT cells 
(Fig. 7e-f and Supplementary Fig. 6). Additionally, the ubi-tagged BiTEs showed a dose-
dependent cell killing in an LDH release assay with TRP1 expressing KPC3 cells, while the 
WT cells and KPC3-TRP1 incubated with the unconjugated mAb-(Ubacc)2 and Fab-Ubdon 
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showed no induction of killing (Fig. 7e-f and Supplementary Fig. 7). Altogether these 
results demonstrate the flexibility and efficiency of the ubi-tagging approach, and the 
functionality of ubi-tagged tetravalent bispecific-antibody complexes. 

Figure 7| Conjugation of ubi-tagged mAbs for the generation of a bispecific tetravalent antibody 
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complexes. (a) Schematic representation of anti-TRP1 mAb-(Ub2-anti-mCD3 Fab)2 generated by ubi-
tag conjugation of anti-TRP1 mAb-(Ubacc)2 to two moieties of anti-mCD3 Fab-Ubdon. (b) Schematic 
representation of the bispecific tetravalent antibody complex anti-mCD3 mAb-(Ub2-anti-TRP1 Fab)2 
by ubi-tag conjugation of anti-mCD3 mAb-(Ubdon)2 to two moieties of anti-TRP1 Fab-Ubacc. (c) SDS-
PAGE analysis of the generation of the bispecific tetravalent antibody complex anti-TRP1 mAb-(Ub2-
anti-mCD3 Fab)2 by ubi-tag conjugation of anti-TRP1 mAb-(Ubacc)2 to two moieties of anti-mCD3 Fab-
Ubdon. (d) SDS-PAGE analysis of the generation of the bispecific tetravalent antibody complex anti-
mCD3 mAb-(Ub2-anti-TRP1 Fab)2 by ubi-tag conjugation of anti-mCD3 mAb-(Ubdon)2 to two moieties 
of anti-TRP1 Fab-Ubacc. (d‑h) In vitro T cell activation and cytotoxicity by the ubi-tagged bispecific 
TRP1xmCD3 complexes. Primary mouse (C57BL/6) CD8+ T cells were added in a 10:1 ratio to KPC3-
Trp1 followed by addition of 0 – 1 µg/mL of either mAb-(Ub2-Fab)2 or unconjugated mAb-(Ub)2 and 
two Fab-Ubdon, and incubated for two days. T cell activation was assessed using flow cytometry for 
Ki67, Granzyme B, CD69, and 4-1BB. Data (n=3) are shown as percentage positive T cells ±SD. T tests, 
****P<0.0001, **P<0.01. Full statistical analysis is provided in supplementary table S5. Cytotoxicity 
was assessed using a LDH cytotoxicity assay. Data (n=3) are shown as percentage cytotoxicity ±SD. 
T tests, ****P<0.0001, **P<0.01. Full statistical analysis is provided in supplementary table S5.

Discussion
Over the past decade, tremendous advances have been made in the field of antibody 
conjugation to facilitate the generation of antibody conjugates and multivalent 
antibody formats for a broad spectrum of applications in research, diagnostics and 
therapy. Traditional conjugation methods rely on chemical modification of primary 
amines or thiol groups along the antibody sequence resulting in heterogenous mixtures 
with multiple uncontrolled modification sites.1–3 This often results in batch-to-batch 
variability, reduced antigen binding and impaired stability. 
Significant progress has been made in the development of site-specific conjugation 
methods, contributing to innovation in the generation of antibody conjugates of 
diverse formats. However, slow reaction kinetics, low yield and time-consuming multi-
step conjugation procedures remain problematic.5,17,22 Hence, substantial efforts are 
currently still being focused on developing new or improved antibody conjugation 
strategies. 

Here we report the use of ubiquitin conjugation (ubi-tagging), as a highly-specific and 
broadly applicable antibody conjugation platform. We demonstrate that this approach is 
an efficient technology for the site-specific, and flexible ubi-tag conjugation. In this study 
we addressed four main aspects of this technique: (1) Ubi-tag conjugation reactions 
result in a highly defined homogenous product that is covalently attached at a specific 
position. For the conjugation reactions, we used an E2-E3 fusion enzyme specific for 
ubiquitin conjugation on lysine 48 and a single product was formed in each reaction (Fig. 
2b). This indicates that the conjugation only took place on lysine 48 and that a defined 
antibody conjugate was produced that, in contrast to commonly used conjugation 
techniques, is consistent from batch-to-batch. (2) Ubi-tag conjugation reactions are 
fast and highly efficient process. The efficiency of ubi-tag conjugation reactions in this 
study at timepoint 30 minutes were quantified and plotted (Supplementary Fig. 2). 
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Conjugation reactions involving ubi-tagged Fab fragments or ubi-tagged mAbs showed 
an average reaction efficiency of 93% and 96%, respectively. This indicates that the ubi-
tag conjugation reaction efficiency was not hampered, neither as donor nor acceptor 
ubi-tag, by fusion to a protein with molecular weight as high as a mAb of 150 kDa. 
(3) The specificity and efficiency of ubi-tag conjugation facilitates the generation of 
multimeric antibody complexes with an unprecedented ease. The level of control in 
this conjugation reaction, with a defined donor ubi-tag and acceptor ubi-tag each fused 
to a different moiety, allows the generation of defined hetero-multimeric antibody 
complexes (Fig 3, 4 and 7). (4) The established full chemical synthesis of ubiquitin45–47 
further expands its potential applications as an antibody conjugation tag. This facilitates 
the attachment of chemical modifications such as small molecules, fluorophores, tags 
or chemical warheads at one or more position in a defined manner (Fig. 2, 6 and 
Supplementary Fig. 1).

Although, in this study the K48 specific E2-E3 pair gp78RING-Ube2g2 was used36, 
ubi-tag conjugation is not limited to this pair of ubiquitin E2 and E3 enzymes or linkage 
type. Other E2 and E3 enzymes also proved to be exploitable for ubi-tag conjugation of 
proteins and antibodies, including the E2-E3 pair UbcH7 and NleL48 for the generation 
of K6-linked ubi-tagged antibody conjugates (Supplementary Fig. 8). The variety in 
ubiquitin linkage types and linkage specific ubiquitination enzymes provide additional 
flexibility to this conjugation platform. Additionally, ubiquitin chains of different linkage 
types are known to have different conformations26. This could be exploited in future 
research for applications where it is of value to gain control over the spatial orientation 
of the antibodies conjugated to each other49. Furthermore, another promising aspect 
of ubi-tag conjugation is its specific reversibility using deubiquitinating enzymes50(Fig. 
5). Conditional cleavage using DUBs, could provide dynamic control over the activity of 
ubi-tagged antibody complexes. 

In summary, ubi-tag conjugation provides a fast, efficient, and modular technique to 
generate well-characterized antibody conjugates of limitless formats and combinations. 
We expect the widespread adoption of this conjugation technique and its contribution 
to improving and developing antibody conjugates for preclinical research, diagnostic, 
and therapeutic applications. 

Methods
General cell culture conditions
The hybridoma cell line KT3, kindly provided by dr. Ramon Arens (LUMC, The Netherlands), 
was modified for the stable expression of ubi-tagged antibodies or antibody fragments. 
Other cell lines used in this study were EL4 (kindly provided by dr. Jacques Neefjes (LUMC, 
The Netherlands) KPC3 and KPC3-TRP1. KT3 and EL4 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco) supplemented with 7.5% FCS. The KPC3 cell 
line was obtained from a primary pancreatic KPC tumor with mutant p53 and K-ras51 
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from a female C57BL/6 mouse. KPC3-Trp1 was generated as described52 and purified 
using cell sorting with the TA99 antibody. Cells were cultured in IMDM supplemented 
with 7.5% FCS. All the cell lines used in the study were maintained at 37 °C and 5% CO2, 
routinely examined by morphology analysis and tested for mycoplasma. 

Cloning of CRISPR-Cas9 and donor constructs
The genomic sequence of the rIgG2a heavy chain locus, mIgG2a heavy chain locus,  
were identified via the Ensembl rate genome build Rnor_6.0 and used for the design 
of the different HDR donor templates. gRNA for the rIgG2a constructs were previously 
described; for Hinge HDR constructs, gRNA-H, GACTTACCTGTACATCCACA, Addgene 
124808; for isotype switch, gRNA-ISO (TGTAGACAGCCACAGACTTG, Addgene 124811). 
For the hinge region of mIgG2a gRNA-85 (TGGAGGACAGGGCTTGATTG), gRNA-76 
(GGGCTTGATTGTGGGCCCTC) and gRNA-102 (TTACCTGGGCATTTGCATGG) were designed 
using the CRISPR tool from the Zhang laboratory (http://crispr.mit.edu) and ordered 
as single-stranded oligos from Integrated DNA Technologies (IDT) with the appropriate 
overhangs for cloning purposes. The oligos were phosphorylated with T4 PNK enzyme 
by incubation at 37 °C for 30 minutes and annealed by incubation at 95 °C for 5 minutes 
followed by gradually cooling to 25 °C using a thermocycler. The annealed oligos were 
cloned into the plasmid pSpCas9(BB)-2A-Puro (PX459), which was obtained as gifts from 
F. Zhang (Addgene plasmids 62988)53. Synthetic gene fragments containing homologous 
arms and desired insert were obtained via Twistbioscience and cloned into the PCR4 
TOPO TA vector (Thermo Fisher Scientific). All CRISPR-Cas9 and HDR constructs were 
purified with the NucleoBond Xtra Midi Kit (740410.100, Machery-Nagel) according to 
the manufacturer’s protocol.

Hybridoma nucleofection with HDR and CRISPR-Cas9 
Nucleofection of the HDR template and CRISPR-Cas9 vectors was performed with 
Cell Line Nucleofector Kit R (Lonza, VCA-11001) nucleofector 2b device. Before 
nucleofection hybridoma cells were assessed for viability and centrifuged (90g, 5 
minutes), resuspended in PBS supplemented with 1% FBS and centrifuged again (90g, 
5 minutes). 1x106cells were resuspended in 100 μL Nucleofector medium with 1 μg 
of HDR template and 1 μg of CRISPR-Cas9 vectors or 2 μg of GFP vector (control) and 
transferred to cuvettes for nucleofection with the 2b Nucleofection System from Lonza 
(Program X001). Transfected cells were transferred to a 6-well plate in 4 mL of pre-
warmed complete medium. The following day the cells were transferred to a 10 cm 
petridish in 10 mL of complete medium, supplemented with 10-20 μg/mL of blasticidin 
(Invivogen, anti-bl-05). Antibiotic pressure was sustained until GFP-transfected 
hybridomas were dead and HDR transfections were confluent (typically between day 
10-14). Cells were subsequently clonally expanded by seeding the hybridomas in 0.3 
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cells/well in round-bottom 96-well plates in 100 μL of complete medium. After one-
two weeks, supernatant from wells with a high cell density were obtained for further 
characterization and selected cloned were expanded.

Solid-phase peptide synthesis 
Solid-phase peptide synthesis (SPPS) of Rho-Ub was performed on a Syro II Multisyntech 
Automated Peptide synthesizer (SYRO robot; Part Nr: S002PS002; MultiSyntech GmbH, 
Germany) on a 25 μmol scale using standard 9-fluorenylmethoxycarbonyl (Fmoc) based 
solid phase peptide chemistry based on the procedure described by El Oualid et al.45 
using a fourfold excess of amino acids relative to pre-loaded Fmoc amino acid trityl 
resin (between 0.17 and 0.20 mmol/g, Rapp Polymere, Germany). To prepare Rho-Ub, 
5-carboxyrhodamine110 (Rho) was coupled to the N-terminus of Ub following SPPS 
as described by Geurink et al54. All synthetic products were purified by RP-HPLC on a 
Waters preparative RP-HPLC system equipped with a Waters C18-Xbridge 5 μm OBD (10 
x 150 mm) column. The purified products were lyophilized and assayed for purity by 
high resolution mass spectrometry on a Waters Acquity H-class UPLC with XEVO-G2 XS 
Q-TOF mass spectrometer and by SDS-PAGE analysis.

Thermal unfolding assay
For each of the Ubi-tagged Fab and conjugates, 10 µL samples were prepared with a 
concentration ranging from 0.5 to 1 mg/mL and loaded into the capillaries (NanoTemper 
Technologies). Changes in tryptophan fluorescence intensity upon protein unfolding 
was measured using the NanoTemper Tycho NT.6 (NanoTemper Technologies) using 
an increasing temperature gradient from 35 °C to 95 °C at a rate of 20 °C/min. The 
Inflection temperatures (Ti) of the proteins was determined from the first derivative of 
the fluorescence ratios (F350/F330).

Mass spectrometry
Mass spectrometry analysis was carried out on Waters ACQUITY UPLC-MS system 
equipped with a Waters ACQUITY Quaternary Solvent Manager (QSM), Waters ACQUITY 
FTN AutoSampler, Waters ACQUITY UPLC Protein BEH C4 Column (300 Å, 1.7 μm, 2.1 
x 50 mm) and XEVO-G2 XS QTOF Mass Spectrometer (m/z = 200-2500) in ES+ mode. 
Sample were run using 2 mobile phases: A = 1% MeCN, 0.1% formic acid in water and 
B = 1% water and 0.1% formic acid in MeCN with a runtime of 14 minutes. In the first 
4 minutes, salts and buffer components were flushed from LC column using 98% A and 
2% B. In the next 7.5 minutes, a gradient of 2-100% B was used, followed by 0.5 minutes 
of 100% B and subsequent reduction to 2% B and 98% A in 2 minutes. Data processing 
was performed using Waters MassLynx Mass Spectrometry Software 4.1, where the 
mass was obtained by deconvolution with the MaxEnt1 function.
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Protein expression and purification
The E1 ubiquitin-activating enzyme UBE1 carrying an N-terminal His-tag was expressed 
from a pET3a vector in E. coli BL21(DE3) in autoinduction media for 2-3 hours at 37 °C, 
after which the bacteria were allowed to grow overnight at 18 °C. Next, bacteria were 
harvested and lysed by sonication, followed by His-affinity purification using Talon metal 
affinity resin (Clontech Inc., Palo Alto, CA, USA). Subsequently, the protein was further 
purified by anion exchange using a Resource Q column (GE Healthcare), followed by size 
exclusion using a Superdex 200 column (GE Healthcare).

The E2/E3 enzyme chimera plasmid was obtained as a gift from dr. Vincent Chau 
(Penn State, USA). The expression plasmid consists of the RING domain of the E3 
ubiquitin ligating enzyme gp78 fused to the N-terminus of the E2 ubiquitin-conjugating 
enzyme Ube2g2 in a PET28a-TEV vector.

The E2/E3 enzyme chimera was expressed and purified as described36. In brief, the 
fusion protein was expressed in E. coli BL21(DE3) cells grown in LB at 37ᵒC until OD600 
= 0.4-0.6 and induced with 0.4 mM IPTG for 4 hours at 30 ᵒC. The harvested cells were 
lysed with Bugbuster protein extraction reagent (Millipore) according to manufacturer’s 
protocol. The fusion protein was purified on Ni-NTA resin followed by size exclusion 
using a Superdex 200 column (GE Healthcare). Next, TEV protease cleavage was carried 
out overnight, and the cleaved fusion protein was further purified using a Resource Q 
column (GE Healthcare).

Ubi-tagged Fabs were produced in hybridoma cell lines engineered to produce Fabs 
fused at the C-terminus of the heavy chain to ubiquitin, followed by a His-tag at the 
C-terminus of ubiquitin. The modified hybridoma cells were cultivated for antibody 
production in CD Hybridoma medium supplemented with 2 mM ultraglutamine and 50 
µM β-mercaptoethanol for 7 to 10 days. To prevent the cleavage of the His-tag during 
cultivation, which is essential for blocking the C-terminal glycine residue of acceptor 
ubi-tags, antibodies fused to an acceptor ubi-tag were secreted in culture media 
supplemented with Ub-PA. However, donor ubi-tags require a free C-terminus; thus, 
antibodies fused a donor ubi-tag intended for conjugation were cultured without a 
DUB inhibitor. After 7 to 10 days, the culture media containing the ubi-tagged Fabs 
was centrifugated to remove cells. The supernatant was filtered through a 0.22 µm 
filter (GE Healthcare) and loaded on a pre-equilibrated HiTrap Protein G HP column 
(GE Life Science), and the ubi-tagged antibodies were purified according to the 
manufacturer’s protocol. Elution fractions containing the ubi-tagged antibodies were 
pooled and dialyzed against PBS. Acceptor ubi-tagged antibodies, carrying a His-tag at 
the C-terminus of ubiquitin, were purified by Ni-NTA affinity purification prior to Protein 
G affinity purification (Supplementary Fig. 9).
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Ubi-tag conjugation reaction
Ubi-tag conjugation reactions were carried out in the presence of 0.25 µM E1 enzyme, 
20 µM E2/E3 hybrid enzyme, 10 mM MgCl2, and 5 mM ATP in PBS. For analysis of the 
reaction efficiency by SDS-PAGE, an initial reaction sample was taken from the reaction 
mixture prior to the addition of ATP. After the addition of ATP, the reaction was incubated 
at 37 °C for 30 minutes while shaking. Conjugation reaction samples were analyzed by 
quenching 2-5 µL of the reaction mixture in sample buffer and run on 4-12% Bis-Tris 
gels (Invitrogen) by SDS-PAGE with MOPS as running buffer. All conjugation reactions 
were run in non-reducing conditions except for conjugation reactions involving 
constructs of high molecular weight such as Fab trimers, where the sample buffer was 
supplemented with β-mercaptoethanol. Gels were stained using InstantBlue Coomassie 
Protein Stain (abcam) and imaged using Amersham600. Fluorescently labeled proteins 
were visualized by in-gel fluorescence using Typhoon FLA 9500 imaging system (GE Life 
Sciences) prior to staining with Coomassie. Small-scale reactions were carried out on a 
scale corresponding to 2.5 µg ubi-tagged antibody fragments, while large-scale reactions 
were carried out on a 200 µg to 1 mg scale. Ubi-tagged Fab conjugates were purified 
from the reaction mixture by protein G affinity purification using a HiTrap Protein G HP 
column (GE Life Science) according to the manufacturer’s protocol. The elution fractions 
containing purified conjugates were pooled, dialyzed against PBS, and concentrated 
using a 10 kDa Amicon Ultra centrifugal filter unit (Millipore). The purity of the ubi-
tagged conjugates was assessed by SDS-PAGE and high-resolution mass spectrometry 
on a Waters Acquity H-class UPLC with XEVO-G2 XS Q-TOF mass spectrometer.

For conjugation of α-CD3 Fab-Ubdon to Rho-Ubacc, 10 µM of Fab-Ubdon and 50 µM 
Rho-Ubacc were used in the reaction. Multimerization of ubi-tagged Fab fragments 
was carried out using 30 µM of Fab-UbWT. For site-specific dimerization of α-CD3 ubi-
tagged Fab-fragments, 15 µM of the Fab-Ubdon and 10 µM Fab-Ubacc were used, and the 
conjugates were further purified using Ni-NTA prior to dialysis. . Rhodamine labeling of 
ubi-tagged mAbs was carried out using 5 µM mAbs and 50 µM Rho-Ub, while bispecific 
antibody conjugates were generated using 3.5 µM mAbs and 10 µM Fab.

Conjugation of a third moiety to ubi-tagged Fab dimer
To prepare Fab-Ub2-Fab for conjugation, the C-terminal glycine was exposed using 
the DUB UCHL3. For this, 2.5 µM Fab dimer was incubated with 50 nM UCHL3 in 
PBS at 37 °C for 30 minutes. The cleavage efficiency was assessed by high-resolution 
mass spectrometry on a Waters Acquity H-class UPLC with XEVO-G2 XS Q-TOF mass 
spectrometer. Following cleavage, UCHL3 was precipitated by 10-fold dilution with 50 
mM sodium acetate pH 4.5 and 100 mM sodium chloride, followed by centrifugation. 
The supernatant containing Fab-Ub2

don-Fab was concentrated, and buffer exchanged to 
PBS using a 50 kDa Amicon Ultra centrifugal filter unit (Millipore). 
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For the conjugation of Fab-Ub2
don-Fab to Rho-Ubacc, 4 µM Fab-Ub2

don-Fab and 100 
µM Rho-Ubacc were reacted in the presence of 0.25 µM E1 enzyme, 20 µM E2/E3 
hybrid enzyme, 10 mM MgCl2 and 5 mM ATP in PBS for 30 minutes at 37 °C. For the 
generation of a ubi-tagged Fab trimer, 4 µM Fab dimer and 30 µM Fab-Ubacc were used 
for conjugation in the presence of 0.25 µM E1 enzyme, 20 µM E2/E3 hybrid enzyme, 10 
mM MgCl2 and 5 mM ATP in PBS for 30 minutes at 37 °C. Conjugation reaction samples 
were analyzed by quenching 3 µL of the reaction mixture in sample buffer and run on 
4-12% Bis-Tris gels (Invitrogen) by SDS-PAGE with MOPS as running buffer.

Flow cytometry
The binding of Rho-Ub2-Fab targeting mCD3 and FITC-labeled parental antibody 
(ThermoScientific, MA1-80640) to mCD3 positive EL4 cells was compared by staining 
50,000 EL4 cells with 50 µL of 1µg/mL Rho-Ub2-Fab or FITC-labeled parental antibody 
for 30 minutes at 4 °C. Next, the cells were washed twice with PBS supplemented with 
5% FCS and fluorescence intensity was measured on an LSR II flow cytometer (BD). 
A competitive binding assay was performed to assess the antigen binding of ubi-tagged 
antibody fragments and conjugates. Here, 50.000 EL4 cells per well were stained 
with 50 µL of mCD3 targeting Fab-Ub, Fab-Ub2-Fab, or unlabeled parental antibody 
(ThermoScientific, MA1-80783), in increasing concentrations ranging from 0.01 to 1000 
nM for 15 minutes at 4 °C. Next, the cells were washed with PBS supplemented with 
5% FCS, followed by incubation with 1µg/mL in 50 µL of FITC-labeled parental antibody 
(ThermoScientific, MA1-80640) for 30 minutes at 4 °C. Cells were washed twice, and 
fluorescence intensity was measured by flow cytometry on an LSR II flow cytometer 
(BD). 

In vitro serum stability assay
Human serum (Sigma-Aldrich, H4522) was diluted in PBS to 25% (v/v) and incubated at 
37 ᵒC for 15 minutes. Next, Rho-Ub2-Fab was added at a final concentration of 10 µM, 
and the mixture was incubated at 37 ᵒC. The stability of Rho-Ub2-Fab over time was 
analyzed by quenching 5 µL of the reaction mixture in sample buffer supplemented with 
β-mercaptoethanol at specific time points (0, 0.5, 1, 2, 3, 6, and 24 hours). Samples were 
run on 4-12% Bis-Tris gels (Invitrogen) by SDS-PAGE with MOPS as running buffer. Serum 
stability of Rho-Ub2-Fab was visualized by in-gel fluorescence using Typhoon FLA 9500 
imaging system (GE Life Sciences), followed by staining with InstantBlue Coomassie 
Protein Stain (abcam).

DUB cleavage assay
DUB cleavage of ubi-tagged Fab conjugates by OTUB1 was carried out using 5 µM of 
either Rho-Ub2-Fab and Fab-Ub2-Fab and 1 µM OTUB1 in PBS at 37 °C for 30-90 minutes. 
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The reaction efficiency was monitored by SDS-PAGE where samples were quenched 
at different time-point in sample buffer and run on 4-12% Bis-Tris gels (Invitrogen) by 
SDS-PAGE with MOPS as running buffer. Gels were stained using InstantBlue Coomassie 
Protein Stain (abcam) and imaged using Amersham600. Fluorescently labeled proteins 
were visualized by in-gel fluorescence using Typhoon FLA 9500 imaging system (GE Life 
Sciences) prior to staining with Coomassie.

Mice
All mice were purchased from Charles River Laboratories, France. All animal studies 
were approved by the local authority for the Ethical Evaluation of Animal Experiments 
and Animal Welfare (Instantie voor Dierenwelzijn Radboudumc). All mice were kept in 
accordance with federal and state policies on animal research and Annex III of the EU 
Directive (Directive 2010-63-EU). Female C57BL/6 WT and OTI (Tg(TcraTcrb)1100Mjb/
Crl) between 8-12 weeks of age and 18-25 g body weight were used for in vitro and in 
vivo experiments. Mice were sacrificed by cervical dislocation.

LDH assay
KPC3 or KPC3-Trp1 cells were irradiated with 6000 Rad to prevent proliferation, 
added to a 96-well plate, and incubated for 4 hours at 37 °C to facilitate adherence. 
Splenocytes were obtained from naïve C57BL/6 mice and CD8 T cells were purified 
using a CD8 enrichment kit (BD Biosciences, 558471). CD8 T cells were added in a 10:1 
E:T ratio to the 96-well plate, followed by the addition of 0-1µg/mL of either the ubi-
conjugated TRP1xmCD3 bispecific or the unconjugated ubi-tagged TRP1 mAb + mCD3 
Fab, and incubated for 48 hours. Tumor cell killing was assessed using the CyQUANT TM 
LDH cytotoxicity assay (ThermoFisher, C20301) following manufacturer’s instructions. 
In parallel, CD8 T cells were stained with Zombie Aqua fixable viability dye (BioLegend, 
423102), CD69 FITC (Invitrogen, 11-0691-82), and CD137 APC (BioLegend, 106110), 
and fluorescence was measured on the LSR II flow cytometer (BD) to determine T-cell 
activation. Fluorescence data were analyzed using FlowJo software. 
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Supplementary information

S1 Total chemical synthesis of Rho-Ubacc. The Ubacc lacking G75 and G76 (Ub∆GG) was synthesized by 
linear solid-phase peptide synthesis (SPPS) on a trityl resin followed by coupling of diBoc-protected 
rhodamine (Rho) to the N-terminus. Next, removal of the protection groups (PG) and cleavage of 
Rho-Ubacc from resin was performed under strong acidic conditions. Reagents and conditions: a) 
N,N′-Boc-protected 5‑carboxyrhodamine, PyBOP, DIPEA, NMP overnight at RT; b) TFA/H2O/phenol/
iPr3SiH (90.5:5:2.5:2; v/v/v/v) for 3 h. at RT.
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S2 The efficiency of ubi-tag conjugation reactions conducted in this study. Conjugation reactions 
involving ubi-tagged Fab fragments forming di-ubiquitin chains showed an average reaction efficiency 
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of 94.2% while conjugation reactions involving ubi-tagged Fabs forming tri-ubiquitin chains showed an 
average efficiency of 93.4%. Conjugation of ubi-tagged mAbs showed an average reaction efficiency 
of 95.7% within 60 mins. The conjugation reaction efficiency is calculated by quantifying the gel bands 
corresponding to the limiting reactant at the start and end of the reaction (indicated in the dashed 
boxes) and calculating the percentage of limiting reactant consumed.

S3 Generation of multimeric Fab complexes using ubi-tag conjugation. Non-reducing SDS-PAGE 
stained with Coomassie staining of multimerization of Fab-UbWT showing the formation of multimers 
beyond the 11th order.

S4Validation of mAb-Ub producing hybridoma clones. SDS-PAGE analysis of hybridoma supernatants 
containing mAb-Ub in the absence or presence of β-mercaptoethanol, stained with Coomassie Blue 
and analyzed by western blot using an anti-Ub antibody.
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S5 LC-MS analysis showing the deconvoluted ESI-TOF mass spectra of (a) anti-TRP1 mAb-(Ubacc)2 and 
(b) anti-mCD3 mAb-(Ubdon)2. 

S6 In vitro T cell activation and tumor cell killing assay to validate the functionality of ubi-conjugated 
bispecific TRP1 mAb x mCD3 Fab antibody complex. CD8+ T cells in the presence of KPC3-TRP1 cells 
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or control cells KPC1, were treated with increasing concentrations (0 – 1 µg/mL) of the ubi-conjugated 
TRP1 mAb x mCD3 Fab bispecific or the unconjugated ubi‑tagged TRP1 mAb and mCD3 Fab. (a) Surface 
expression of T cell activation markers Ki67, granzyme B, CD69 and CD137 were analyzed by flow 
cytometry. (b) Tumor cell killing was assessed using the CyQUANT TM LDH cytotoxicity assay. (a-b) 
Ordinary one-way Anova test was applied to the ubi-conjugated bispecific TRP1 mAb x mCD3 Fab vs. 
the unconjugated ubi-tagged TRP1 mAb and mCD3 Fab of the same concentration, showing only the 
significant values. All statistical values are shown in table S5. n=1 independent experiments, each 
condition performed in triplicates.

S7 In vitro T cell activation and tumor cell killing assay to validate the functionality of ubi-conjugated 
bispecific mCD3mAb x TRP1 Fab antibody complex. CD8+ T cells in the presence of KPC3-TRP1 cells 
or control cells KPC1, were treated with increasing concentrations (0 - 1 µg/mL) of the ubi-conjugated 
bispecific mCD3 mAb x TRP1 Fab or the unconjugated ubi-tagged mCD3 mAb and TRP1 Fab. (a) Surface 
expression of T cell activation markers Ki67, granzyme B, CD69 and CD137 were analyzed by flow 
cytometry. (b) Tumor cell killing was assessed using the CyQUANT TM LDH cytotoxicity assay. (a-b) 
Ordinary one-way anova test was applied to the ubi-conjugated bispecific mCD3 mAb x TRP1 Fab vs. 
the unconjugated ubi-tagged mCD3 mAb and TRP1 Fab. of the same concentration, showing only the 
significant values. All statistical values are shown in table S5. n=3 independent experiments, each 
condition performed in triplicates.
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S8 UbcH7 and NleL for the generation of K6-linked ubi-tagged antibody multimers.

S9 Purification of Fab-Ubacc and Fab-Ubdon from hybridoma culturing media. (a) Hybridoma cells 
secreting Fab-Ubacc are cultured in presence of Ub-PA and Fab-Ubacc is isolated from the culturing 
media by Ni-NTA followed by Protein G affinity purification to ensure the His-tag is present on all 
purified Fab-Ubacc. (b) Hybridoma cells secreting Fab-Ubdon are cultured in absence of Ub-PA and Fab-
Ubdon is purified from culturing media by Protein G affinity purification.
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S10 LC-MS analysis of Fab-Ubdon conjugation to Rho-Ubacc forming Rho-Ub2-Fab. Total ion 
chromatograms (left), ESI-TOF spectra (middle) and deconvoluted ESI-TOF mass spectra (right).

 
S11 LC-MS analysis of the cleavage of His-tag from C-terminus of Fab-Ub2-Fab by UCHL3. Total ion 
chromatograms (left), ESI-TOF spectra (middle) and deconvoluted ESI-TOF mass spectra (right).
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Table S1 Rat IgG2A ubi-tagged Fab: donor and acceptor. Design HDR-template used to obtain the anti-
mCD3 Fab-Ubdon and anti-mCD3 Fab-Ubacc.

PCR4 TOPO sequence
5’HA CCTGGAACTCTGGAGCCCTGTCCAGCGGTGTGCACACCTTCCCAGCTGTCCTG-

CAGTCTGGACTCTACACTCTCACCAGCTCAGTGACTGTACCCTCCAGCACCTGGTC-
CAGCCAGGCCGTCACCTGCAACGTAGCCCACCCGGCCAGCAGCACCAAGGTGGA-
CAAGAAAATTGGTGAGAGAACAACCAGGGGATGAGGGGCTCACTAGAGGTGAGGATA-
AGGCATTAGATTGCCTACACCAACCAGGGTGGGCAGACATCACCAGGGAGGGGGCCT-
CAGCCCAGGAGACCAAAAATTCTCCTTTGTCTCCCTTCTGGAGATTTCTATGTCCTT-
TACACCCATTTATTAATATTCTGGGTAAGATGCCCTTGCATCATGACATACAGAG-
GCAGACTAGAGTATCAACCTGCAAAAGGTCATACCCAGGAAGAGCCTGCCAT-
GATCCCACACCAGAACCAACCTGGGGCCTTCTCACCTATAGACCATACTAACACA-
CAGCCTTCTCTCTGCAGTGCCAAGGGAATGCGGAGGCGGT

Linker - Ub1-76 
-His10x

(acceptor)

TGCCAAGGGAATGCGGAGGCGGTGGATCTATGCAAATTTTCGTTAAGACTCT-
GACAGGGAAGACTATTACACTGGAGGTTGAGCCATCAGATACGATTGAGAAT-
GTCAAGGCAAAGATACAGGACAAAGAAGGGATACCCCCGGACCAACAAAGGCT-
GATCTTCGCTGGGAAGCAACTGGAAGATGGCCGAACACTGAGCGATTATAACATA-
CAAAAGGAGTCTACACTGCATTTGGTTCTGCGCCTTCGAGGCGGGCATCACCACCAC-

CATCACCATCATCACCATTGACATATG

Linker - UbK48R 
-His10x

(Donor)

TGCCAAGGGAATGCGGAGGCGGTGGATCTATGCAAATATTCGTAAAGACTCTGACC-
GGGAAAACCATTACACTTGAAGTGGAGCCGTCAGACACGATTGAGAATGTTAAGGC-
TAAGATTCAGGACAAGGAAGGTATCCCGCCAGACCAACAACGCCTGATCTTCGCCG-
GACGACAATTGGAGGATGGTAGGACTTTGAGCGATTACAACATACAGAAAGAATC-
TACTCTTCATTTGGTATTGCGGCTGAGGGGCGGGCATCACCATCATCACCATCAC-
CACCACCATTGACATATG 

IRES Bsr polyA CCGGTGAGCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTG-
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCC-
GTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAG-
CATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAAT-
GTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTG-
TAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCG-
GCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGC-
CACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCG-
TATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCT-
GATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAC-
GTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATA-
ATCTAGAGTCGACGTTAACATGAAGCCTTTGTCTCAAGAAGAATCCACCCTCATT-
GAAAGAGCAACGGCTACAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTC-
GCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATAT-
CATTTTACTGGGGGACCTTGTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCG-
GCAGCTGGCAACCTGACTTGTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTT-
GAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGC-
CATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCT-
GCCCTCTGGTTATGTGTGGGAGGGCTAAGAGCTCGCTAGCCTGTGCCTTCTAGTT-
GCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGT-
GCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCT-
GAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAG-
GATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGAGATCTT-
TAATTAA
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3’HA GGTAAGTCACTAGGACTATTACTCCAGCCCCAGATTCAAAAAATATCCTCAGAG-
GCCCATGTTAGAGGATGACACAGCTATTGACCTATTTCTACCTTTCTTCTTCATC-
TACAGGCTCAGAAGTATCATCTGTCTTCATCTTCCCCCCAAAGACCAAAGATGT-
GCTCACCATCACTCTGACTCCTAAGGTCACGTGTGTTGTGGTAGACATTAGC-
CAGAATGATCCCGAGGTCCGGTTCAGCTGGTTTATAGATGACGTGGAAGTCCA-
CACAGCTCAGACTCATGCCCCGGAGAAGCAGTCCAACAGCACTTTACGCTCAGT-
CAGTGAACTCCCCATCGTGCACCGGGACTGGCTCAATGGCAAGACGTTCAAATG-
CAAAGTCAACAGTGGAGCATTCCCTGCCCCCATCGAGAAAAGCATCTCCAAACCC-
GAAGGTGGGAGCAGCAGGGTGTGTGGTGTAGAAGCTGCAGTAGGCCATAGA-
CAGAGCTTGACTTAACTAGACTTAAGGGCGAATTCGCGGCCGCGCGGCCGC

Table S2 mIgG2a Hinge targeted to mIgG2a-Fc silent – ubiquitin.
Mus musculus strain 129S1/SvImJ chromosome 12 genomic scaffold, GRCm38.p4 alternate locus 
group 129S1/SvImJ 129S1/SVIMJ_MMCHR12_CTG1
Sequence ID: NT_114985.3 Length: 1714434 Number of Matches: 7
CCAGGGACAAAGTCCCTGGTTTGGTGCCTTTTCTCCTTCAAACTTGAGTAACCCCCAGCCTTCTCTCT
GCAGAGCCCAGAGGGCCCACAATCAAGCCCTGTCCTCCATGCAAATGCCCAGGTAAGTCACTAGACCA
GAGCTCCACTCCCGGGAGAATGGTAAGTGCTGTAAACATCCCTGCACTAGAGGATAAGCCATGTACAG
ATCCATTTCCATCTCT(85) TGGAGGACAGGGCTTGATTG TGG
Genomic Sequence and annotated base pair sequence of mIgG2a constant domains. The genomic 
annotated basepair sequence and of the IgH locus of murine IgG2a located on chromosome 12 are 
given. The Hinge region is indicated (grey highlight) with splice acceptor and donor sites (underlined, 
cursive). The targeted protospacer adjacent motifs (PAMs) for gRNA-6 (yellow, underlined) and gRNA-
2 (red, underlined) are indicated.

PCR4 TOPO sequence

5’HA mIgG2a ACTAGTGATCCCTGTCCAGTGGTGTGCACACCTTCCCAGCTGTCCTG-
CAGTCTGACCTCTACACCCTCAGCAGCTCAGTGACTGTAACCTCGAG-
CACCTGGCCCAGCCAGTCCATCACCTGCAATGTGGCCCACCCGGCAAGCAG-
CACCAAGGTGGACAAGAAAATTGGTGAGGAAAACAAGGGGAGTAGAGGTTCA-
CAAGTGATTAGTCTAAGGCCTTAGCCTAGCTAGACCAGCCAGGATCAGCAGC-
CATCACCAAAAATGGGAACTTGGCCCAGAAGAGAAGGAGATACTGACT-
GTGACTCCCTCTTGGAAACTTCTAACTATGACCACCTACCTTCAAGGTCAT-
GATCCTCTAGGATAGATGTCCTTGTCATTTCCAGGATCATCCTGACCTA-
AGCCCATACCCAGGGACAAAGTCCCTGGTTTGGTGCCTTTTCTCCTTCAAACT-
TGAGTAACCCCCAGCCTTCTCTCTGCAGAGCCTAGGGGGCCCACAATCAAGCCCT-
GTCCACCTTGCAAATGTCCT

Fc silent mIgG2a GCCCCAAATGCCGCCGGTGGTCCTAGCGTCTTCATCTTCCCCCCCAAGATTA-
AGGATGTGCTGATGATTTCATTGAGCCCAATTGTCACATGTGTGGTCGTGGATGT-
GTCAGAGGATGACCCTGACGTGCAAATATCTTGGTTTGTAAATAACGTAGAGGTG-
CATACCGCTCAGACTCAGACTCACCGGGAGGACTATGCCAGCACTCTCAGGGTG-
GTCTCCGCACTTCCAATTCAGCACCAGGACTGGATGTCCGGCAAAGAGTTCAAGTG-
TAAAGTCAATAACAAGGATTTGCCCGCACCAATAGAACGGACCATCTCTAAACCTA-
AAGGGAGTGTACGCGCCCCACAGGTTTACGTGCTGCCCCCACCCGAGGAGGAAAT-
GACCAAAAAGCAGGTGACACTCACCTGCATGGTTACCGATTTTATGCCCGAAGA-
CATATATGTTGAGTGGACTAACAACGGGAAGACCGAGCTGAATTATAAAAATAC-
CGAACCCGTTTTGGACTCAGATGGCTCATACTTCATGTACTCCAAACTCCGGG-
TAGAGAAAAAGAACTGGGTTGAAAGAAACAGCTACTCATGCAGCGTGGTGCATGAG-
GGGCTCCACAATCATCATACCACCAAGTCTTTCTCACGGACACCTGGGAAA
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Linker - Ub∆GG

(acceptor)

GGCGGGGGCGGATCCGGGGGAGGCGGAAGTGGGGGCGGAGGCTCCATG-
CAAATTTTCGTTAAGACTCTGACAGGGAAGACTATTACACTGGAGGTTGAGCCAT-
CAGATACGATTGAGAATGTCAAGGCAAAGATACAGGACAAAGAAGGGATACCCCC-
GGACCAACAAAGGCTGATCTTCGCTGGGAAGCAACTGGAAGATGGCCGAACACT-
GAGCGATTATAACATACAAAAGGAGTCTACACTGCATTTGGTTCTGCGCCTTC

IRES Bsr polyA TCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGC-
CGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTG-
GCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAG-
GGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGT-
GAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGC-
GACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGG-
CCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGC-
CACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCG-
TATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCT-
GATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAC-
GTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATA-
AATGAAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTA-
CAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTC-
TAGCGACGGCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTT-
GTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCT-
GACTTGTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCG-
GACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGCCATAGT-
GAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCTG-
GTTATGTGTGGGAGGGCTAACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTT-
GCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTT-
CCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTC-
TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGA-
CAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGAGATCT

3’HA mIgG2a GGTAAGTCACTAGACCAGAGCTCCACTCCCGGGAGAATGGTAAGTGCTGTAAA-
CATCCCTGCACTAGAGGATAAGCCATGTACAGATCCATTTCCATCTCTCCTCAT-
CAGCACCTAACCTCTTGGGTGGACCATCCGTCTTCATCTTCCCTCCAAAGAT-
CAAGGATGTACTCATGATCTCCCTGAGCCCCATAGTCACATGTGTGGTGGTGGAT-
GTGAGCGAGGATGACCCAGATGTCCAGATCAGCTGGTTTGTGAACAACGTGGAAG-
TACACACAGCTCAGACACAAACCCATAGAGAGGATTACAACAGTACTCTCCGGGTG-
GTCAGTGCCCTCCCCATCCAGCACCAGGACTGGATGAGTGGCAAGGAGTTCAAAT-
GCAAGGTCAACAACAAAGACCTCCCAGCGCCCATCGAGAGAACCATCT-
CAAAACCCAAAGGTGAGAGCTGCAGCCTGACTGCATGGGGGCTGGGATGGGCATA-
AGGATAAAGGTCTGTGTGGACAGC
GCGGCCGC
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Table S3 Rat IgG2a intron targeted to mIgG1-ubiquitin. Isotype donor constructs for HDR introducing 
synthetic exon. Table displays sequences of each feature of donor constructs used to change the isotype 
of rat IgG2a hybridomas to mIgG1 fused to Ubiquitin with a HIS tag. The gRNA-ISO and sequences of 
5’ HA, IRES-Bsr-PolyA and 3’ HA of the HDR plasmid are previous published38.

Sequence

5’HA rIgG2a AGAAAGATCTGAGTAGAACCAAGGTAAAAAGTGTGGGTAAAAACACATGTTCA-
CAGGCCTGGCTGACATGATGCTGGGCACGTATGGAGGCAAAGTCAAGAGGGCAGT-
GTAAGGGCCAGAAGTGAATCCTGACCCAAGAATAGAGAGTGCTAAACCTACG-
TAGATCGAAGCCAACTAAAAAGACAAGCTACAAAACGAAGCTAAGGCCAGA-
GATCTTGGACTGTGAAGAGTTCAGAGAACCTAGGATCAGGAACCATTAGTAA-
CAGGCCAAGGAAGATAGAAGCTGCCTAGGACTTGGCAAGAGCCAACATGGTTG-
GACTGGAAAAGAAAGGAGGAGACAGAAGACAGGAGAGATGTGCCAACTT-
GATTTTGGGCTTCACTGTTGTCCATACTGTGTGCAGCCATATGGCCCACAGATAA-
CAGGTTTAGCCGAGGAACACAGATACCCACATTGGACAATGGTGGGGGAACA-
CAGATACCCATACTACAGGGCTCTTTAGGGCATTTCCTGAAAGTGTACTAG-
GAGTGGGACTGGGCTCAAAGGGATTAGGTGTGATCTGGCCTGGTGAGGCT-
GACATTGGCAAGCCCAATGGTTGGGTGTTGCCTCCTCCATGT

Splice Acceptor GCTAGCgatcgcaggcgcaatcttcgcatttcttttttccag

mIgG1 CAAAGACCACACCACCTTCTGTGTACCCACTCGCACCAGGCAGCGCCGCTCAAAC-
CAACAGTATGGTGACCTTGGGGTGTCTTGTGAAGGGCTACTTTCCCGAGCCCGT-
TACCGTCACCTGGAACTCCGGGTCTCTCTCAAGCGGCGTTCACACCTTCCCCGC-
CGTACTGCAATCAGACCTCTATACCCTGTCTTCCAGCGTCACTGTACCCAGTTC-
CACCTGGCCCAGTGAAACTGTCACATGTAATGTCGCACACCCAGCTTCCTCCAC-
CAAAGTGGACAAAAAGATCGTGCCTAGGGACTGTGGATGCAAGCCATGTATCT-
GCACTGTCCCCGAGGTTTCAAGTGTATTTATCTTCCCCCCAAAGCCCAAAGAT-
GTCCTCACCATAACACTCACACCCAAGGTGACCTGCGTGGTGGTCGATATCAG-
TAAAGATGACCCCGAGGTCCAATTCAGCTGGTTTGTGGATGATGTAGAGGTCCA-
CACTGCTCAGACTCAGCCACGGGAAGAGCAGTTTAACTCAACATTTCGGAGTGT-
GTCCGAACTGCCAATCATGCACCAAGATTGGCTCAATGGGAAAGAATTCAAATG-
CAGGGTGAATAGTGCCGCCTTTCCTGCACCAATAGAGAAAACCATATCAAAGA-
CAAAGGGCAGGCCCAAGGCCCCTCAAGTCTATACTATACCTCCACCCAAGGAG-
CAAATGGCTAAAGATAAGGTAAGCCTCACCTGCATGATCACAGATTTTTTCC-
CAGAAGACATAACTGTCGAATGGCAATGGAACGGCCAACCTGCAGAAAAT-
TACAAGAATACTCAGCCTATTATGGACACCGATGGCAGCTACTTCGTG-
TATTCAAAACTGAACGTACAGAAATCTAATTGGGAAGCAGGGAATACATTCACAT-
GCTCTGTGTTGCATGAAGGGCTCCATAACCACCACACTGAAAAGAGCTTGAGC-
CACTCTCCCGGAAAG 

Linker - UbK48R - 
His10x

(Donor)

CGTACGGGAGGTGGCGGTTCCGGGGGAGGTGGATCTGGAGGGGGCGGAAGTG-
GCGGTGGTGGATCAATGCAAATATTCGTAAAGACTCTGACCGGGAAAACCATTA-
CACTTGAAGTGGAGCCGTCAGACACGATTGAGAATGTTAAGGCTAAGATTCAG-
GACAAGGAAGGTATCCCGCCAGACCAACAACGCCTGATCTTCGCCGGACGA-
CAATTGGAGGATGGTAGGACTTTGAGCGATTACAACATACAGAAAGAATC-
TACTCTTCATTTGGTATTGCGGCTGAGGGGCGGGCATCACCATCATCACCATCAC-
CACCACCATTGAGTCGACGTCGAG
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IRES Bsr polyA GCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTG-
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCC-
GTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAG-
CATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAAT-
GTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTG-
TAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGC-
GGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGT-
GCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCT-
CAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTG-
TATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTC-
GAGGTTAAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTT-
GAAAAACACGATGATAATATGGCCACAGAATTCGCCACCATGGCCAAGCCTTT-
GTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTACAATCAACAG-
CATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGCGAC-
GGCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTTGTG-
CAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTT-
GTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCGGACG-
GTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGCCATAGTGAAGGA-
CAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCTGGT-
TATGTGTGGGAGGGCTAAGTACTAGTCGAGTGTGCCTTCTAGTTGCCAGCCATCT-
GTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACT-
GTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTC-
TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAG-
CAGGCATGCTGGGGATGCGGTGGGCTCTATGGAGATCT

3’HA rIgG2a TGTACAACTTGGGGAGGGTACAAAATGGAGGACTTGTAGGAGCTTGGGTC-
CAGACCTGTCAGACAAAATGATCACGCATACTTATTCTTGTAGCTGAAACAA-
CAGCCCCATCTGTCTATCCACTGGCTCCTGGAACTGCTCTCAAAAGTAACTC-
CATGGTGACCCTGGGATGCCTGGTCAAGGGCTATTTCCCTGAGCCAGTCACCGT-
GACCTGGAACTCTGGAGCCCTGTCCAGCGGTGTGCACACCTTCCCAGCTGTCCT-
GCAGTCTGGACTCTACACTCTCACCAGCTCAGTGACTGTACCCTCCAGCACCTG-
GTCCAGCCAGGCCGTCACCTGCAACGTAGCCCACCCGGCCAGCAGCACCAAGGTG-
GACAAGAAAATTGGTGAGAGAACAACCAGGGGATGAGGGGCTCACTAGAG-
GTGAGGATAAGGCATTAGATTGCCTACACCAACCAGGGTGGGCAGACATCAC-
CAGGGAGGGGGCCTCAGCCCAGGAGACCAAAAATTCTCCTTTGTCTCCCTTCTGGA-
GATTTCTATGTCCTTTACACCCATTTATTAATATTCT

Table S4 Recombinant ubitagged Fab fragments produced by Genscript. Table displays protein 
sequence of recombinant constructs used. Clone TA99 is directed against Tryp-1 and clone 145-2C11 
is against mCD3.
 

Sequence

IgH chain TA99

Linker-ubi

His-tag

MGWSCIILFLVATATGVHSEVQLQQSGAELVRPGALVKLSCKTSGFNIKDY-
FLHWVRQRPDQGLEWIGWINPDNGNTVYDPKFQGTASLTADTSSNTVYLQLS-
GLTSEDTAVYFCTRRDYTYEKAALDYWGQGTTVTVSTAKTTAPSVYPLAPVC-
GDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQSDLYTLSSS-
VTVTSSTWPSQSITCNVAHPASSTKVDKKI

GGGGSGGGGSGGGGSMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIP-
PDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR 

HHHHHH*
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IgL chain TA99 MGWSCIILFLVATATGVHSDIQMSQSPASLSASVGETVTITCRASGNIYNYL-
AWYQQKQGKSPHLLVYDAKTLADGVPSRFSGSGSGTQYSLKISSLQTEDS-
GNYYCQHFWSLPFTFGSGTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVC-
FLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEY-
ERHNSYTCEATHKTSTSPIVKSFNRNEC* 

IgH chain 145-2C11

Linker-Ubdon

His-tag

MGWSCIILFLVATATGVHSEVQLVESGGGLVQPGKSLKLSCEASGFTFS-
GYGMHWVRQAPGRGLESVAYITSSSINIKYADAVKGRFTVSRDNAKNLL-
FLQMNILKSEDTAMYYCARFDWDKNYWGQGTMVTVSSAKTTAPSVYPLAPVC-
GDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQSDLYTLSSS-
VTVTSSTWPSQSITCNVAHPASSTKVDKKI

GGGGSGGGGSGGGGSMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIP-
PDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG 

HHHHHH*

IgL chain 145-2C11 MGWSCIILFLVATATGVHSDIQMTQSPSSLPASLGDRVTINCQASQDISNYL-
NWYQQKPGKAPKLLIYYTNKLADGVPSRFSGSGSGRDSSFTISSLESEDIG-
SYYCQQYYNYPWTFGPGTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVC-
FLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEY-
ERHNSYTCEATHKTSTSPIVKSFNRNEC

Table S5 Statistics for figure 3 and supplemental figure 7 and 8. ****P<0.0001, ***P<0.001, **P<0.01, 
*P<0.05 and ns= non-significant in a One-way ANOVA followed by Tukey post-hoc test.

KPC3-TRP1 cells
Conjugated TRP1mAb x mCD3Fab vs. the unconjugated TRP1mAb and mCD3Fab

Conc. (µg/mL) 0.0001 0.001 0.01 0.1 1
Ki67 0.9997, ns >0.9999, ns 0.7607, ns <0.0001, **** <0.0001, ****
GzmB >0.9999, ns >0.9999, ns >0.9999, ns 0.2771, ns <0.0001, ****
CD69 >0.9999, ns >0.9999, ns 0.331, ns <0.0001, **** <0.0001, ****
4-1BB >0.9999, ns >0.9999, ns 0.8061, ns <0.0001, **** <0.0001, ****
LDH 0.7266, ns 0.6012, ns >0.9999, ns 0.0037, ** <0.0001, ****

KPC3 cells
Conjugated TRP1mAb x mCD3Fab vs. the unconjugated TRP1mAb and mCD3Fab

Conc. (µg/mL) 0.0001 0.001 0.01 0.1 1
Ki67 0.2068, ns 0.8187, ns 0.9917, ns 0.9991, ns 0.0337, *
GzmB >0.9999, ns >0.9999, ns >0.9999, ns 0.9991, ns 0.9852, ns
CD69 >0.9999, ns >0.9999, ns >0.9999, ns >0.9999, ns <0.0001, ****
4-1BB >0.9999, ns >0.9999, ns >0.9999, ns >0.9999, ns <0.0001, ****
LDH 0.5391, ns 0.7981, ns 0.5747, ns 0.9998, ns 0.9991, ns

KPC3-TRP1 cells
Conjugated mCD3mAb x TRP1Fab vs. the unconjugated mCD3mAb and TRP1Fab

Conc. (µg/mL) 0.0001 0.001 0.01 0.1 1
Ki67 >0.9999, ns 0.9999, ns 0.7703, ns <0.0001, **** <0.0001, ****
GzmB >0.9999, ns >0.9999, ns >0.9999, ns 0.0209, * <0.0001, ****
CD69 >0.9999, ns >0.9999, ns 0.9987, ns <0.0001, **** <0.0001, ****
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4-1BB >0.9999, ns >0.9999, ns >0.9999, ns <0.0001, **** <0.0001, ****
LDH 0.8808, ns 0.2477, ns 0.2104, ns 0.0002, *** <0.0001, ****

KPC3 cells
Conjugated mCD3mAb x TRP1Fab vs. the unconjugated mCD3mAb and TRP1Fab

Conc. (µg/mL) 0.0001 0.001 0.01 0.1 1
Ki67 >0.9999, ns >0.9999, ns 0.3557, ns >0.9999, ns >0.9999, ns
GzmB >0.9999, ns >0.9999, ns 0.9997, ns 0.9447, ns >0.9999, ns
CD69 >0.9999, ns 0.9878, ns >0.9999, ns 0.9183, ns 0.1305, ns
4-1BB >0.9999, ns 0.9862, ns >0.9999, ns 0.9966, ns 0.3262, ns
LDH >0.9999, ns 0.9439, ns 0.9547, ns 0.7421, ns 0.4074, ns
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