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Abstract: Many bioconjugation strategies for DNA oligonucleotides and antibodies suffer limitations, such as sitespecificity, stoichiometry and hydrolytic instability of the
conjugates, which makes them unsuitable for biological
applications. Here, we report a new platform for the preparation of DNA-antibody bioconjugates with a simple benzoylacrylic acid pentafluorophenyl ester reagent. Benzoylacryliclabelled oligonucleotides prepared with this reagent can be sitespecifically conjugated to a range of proteins and antibodies
through accessible cysteine residues. The homogeneity of the
prepared DNA-antibody bioconjugates was confirmed by
a new LC-MS protocol and the bioconjugate probes were
used in fluorescence or super-resolution microscopy cell
imaging experiments. This work demonstrates the versatility
and robustness of our bioconjugation protocol that gives sitespecific, well-defined and plasma-stable DNA-antibody bioconjugates for biological applications.
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Introduction
Cross-linking of various types of molecules leading to
chimeric constructs with combined functionalities has been
gaining attention across the fields of chemical biology,
biotechnology, and medicine.[1] Among these, proteins are
one of the most important and valuable class of biomolecules
owing to the wide range of functions they fulfil in living
organisms. Numerous studies have been undertaken to extend
the diversity of protein functionalities by introducing nonnatural labels or “tags” in the emerging field of chemical
protein modification.[1a] Besides proteins, nucleic acids (NAs)
are also an extensively studied class of biomolecules. It is
mainly the highly specific and predictable base pairing that
makes DNA or RNA oligonucleotides (ONs) unique tools for
the design of biomolecular hybrids with new structures and
improved functions. ONs have been applied in the design of
DNA-microarrays,[2] other nanostructures,[3] imaging[4] and as
therapeutic agents.[5] By joining proteins and NAs in a single
biomolecular scaffold, NA-protein hybrids can combine the
programmable sequence recognition properties of NAs and
diverse functionalities of proteins. Two major research areas
that benefit from the dual functionality of NA-protein
bioconjugate constructs are bioanalysis and nanofabrication.[6] In addition, conjugation of ONs to antibodies has
been used for the antibody-mediated delivery of therapeutic
ONs,[7] cytotoxic agents through intercalation[8] or hybridization of complementary DNA ONs,[9] decoration of DNA
nanostructures with multiple proteins[10] and fluorophores[11]
and DNA-antibody bioconjugates have been used as probes
for super-resolution imaging by means of the DNA-PAINT
method.[12]
However, for constructs like DNA-antibody conjugates to
become viable for bioanalytical and biological applications,
efficient methods for their production are needed. Many
different chemical approaches are available to prepare these
bioconjugates.[13] The choice of conjugation method usually
depends on the scaffold of the protein of interest, and the
main challenges are scalability, control over efficacy, sitespecificity and stoichiometry of the NA bioconjugation.
Strategies for the preparation of covalent DNA-antibody
conjugates can be divided into two main categories: 1)
approaches based on proteins modified with functional
groups suitable for biorthogonal reactions, such as strainpromoted azide–alkyne cycloaddition[14] or inverse electrondemand Diels–Alder reactions[14c, 15] (Figure 1 a) or 2) direct
conjugation of modified ONs to native proteins by using
bifunctional cross-linkers (Figure 1 b).[16] Whereas the former
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we report a strategy that leads to chemically
defined constructs by employing new benzoylacrylic acid pentafluorophenyl ester (BA-PFP)
labelling reagent 2 (Figure 1 d) as an alternative
to the cross-linking of ONs and proteins by
conventional maleimide-NHS ester-based reagents. Importantly, we use the DNA-antibody
conjugates generated as probes in fluorescence
microscopy and super-resolution DNA-PAINT
imaging experiments.

Results and Discussion
Our approach towards the preparation of
DNA-antibody conjugates was based on the method for cysteine protein modification using benzoylacrylic (BA) reagents recently developed in our
laboratory.[19] With these reagents (sometimes in
Figure 1. Strategies for the preparation of covalent NA-protein bioconjugates.
stoichiometric amounts) proteins with solventa) Conjugation strategy based on the introduction of handles for bioorthogonal
accessible cysteine residues are irreversibly modiligation reactions. b) Conjugation of ONs and native proteins by heterobifunctional
fied with reaction kinetics comparable to maleilinkers. c) Examples of heterobifunctional linkers bearing various spacers commonmide chemistry.[19a] This approach offers site-spely used for the DNA-protein bioconjugation. d) Conjugation method with novel BAcific, stable constructs that overcome the disadvanPFP reagent 2 described in this work.
tages of maleimide bioconjugates, such as hydrolytic instability of reagents and problems with
retro-Michael addition reaction.[19a] To introduce the BA
requires either genetic manipulation of the protein of interest
or additional steps to introduce the functional groups for the
moiety to DNA ONs, we used bifunctional reagent 2, which is
biorthogonal ligation, the latter cross-links the reactive amino
easily prepared by activation of commercially available transacid residues on the protein surface with modified ONs
3-benzoylacrylic acid (1) (see Organic synthesis of BA
directly. However, proteins usually contain multiple reactive
reagents in the SI). PFP-activating ester group was chosen
residues, which often results in nonspecific labelling at sites
for its known higher hydrolytic stability over NHS-ester
important for protein activity and/or binding. To avoid
derivatives.[16] Bifunctional reagent 2 can be stored as a solid
formation of inactive conjugates, site-specific bioconjugation
for months or in solution for weeks and used without any
of NAs to proteins with control over modification site is
significant loss of the reactivity for the modification of various
required; often attempted by using bifunctional cross-linkers.
amino group-containing small molecules or biomolecules (see
Functionalized homo- or hetero-bifunctional linkers usually
Organic synthesis of BA reagents in the SI).
contain reactive activated esters for amine modification or
A small optimization of the DNA-labelling reaction was
Michael acceptor moieties for conjugation of thiol bearing
performed on the commercially available short single-strandmolecules (Figure 1 c). N-hydroxysuccinimide (NHS) ester
ed (ss) DNA ON 5’-NH2-ss11-mer that contains 11 nucleoand maleimide moieties are some of the most frequently used
tides and a 5’-amino modifier (see 5’-NH2 DNA ON BAscaffolds but various other crosslinkers are available.[16]
labelling reaction optimization in the SI). Conditions that
Although popular, bifunctional linkers based on NHS and
used different amounts of reagent and dimethyl formamide
maleimide functionalities have some drawbacks. Maleimide is
(DMF) were screened. The best results were obtained with
widely used for reactions with thiol-containing molecules but
100 equiv of 2 in 20 % DMF in phosphate (NaPi) buffer at
the selectivity of maleimide towards thiols highly depends on
pH 8.0 and 37 8C overnight (Table S1). Under these condithe reaction pH. At neutral pH, thiols react with maleimide
tions, complete conversion of the starting ON into BA1000-times faster than amines but at higher pH reaction with
labelled ON (determined by LC-MS) was obtained. Lower
amine is favored.[17] This non-specific labelling can lead to
amounts of linker and shorter reaction times did not lead to
mixtures of heterogenous conjugates with various charactercomplete conversions and more DMF or linker resulted in
istics. Furthermore, at more alkaline pH, hydrolysis of both
a small fraction (< 10 %) of the second DNA modification,
the NHS ester and maleimide occurs, which results in an
probably on one of the nucleophilic sites on nucleobases,
unreactive carboxylic acid and maleamic acid, respectively.[16]
being detected. The second DNA modification was also noted
Another disadvantage of the maleimide reagents is the
after prolonged reaction times (> 48 h) and under more basic
limited stability of the formed thioether bond, which can
conditions (NaPi pH 10.0 buffer for 24 h). Labelling of aminoundergo a rapid thiol-exchange reaction.[17, 18] To avoid some
modified DNA ONs by 2 can be efficiently performed on
of the downsides of these reagents, improved conjugation
different reaction scales (20 mL–1 mL) and at a range of ON
techniques that give site-specific, homogenous and wellconcentrations (25–100 mM). BA-labelled ONs can be easily
defined DNA-antibody conjugates are desired. In this work,
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With a well-working protocol for the labelling of amino-modified ONs, we wanted to
proceed with the bioconjugation of BA-labelled ONs to proteins and antibodies. Because we were interested in developing a protocol for the generation of site-specific and
stoichiometric (1:1) DNA-protein conjugates,
we investigated an analytical method for the
precise characterization of these constructs.
Bioconjugation reactions between ONs and
proteins are typically analyzed by gel electrophoresis under reducing or non-reducing conditions.[7a, 20] Although this analytical method is
useful to confirm successful bioconjugation
reaction has taken place, its accuracy and
resolution is inferior to results obtained by
mass spectrometry (MS), which is nowadays
the prevailing analytical tool for structural
characterization of bioconjugates. Accuracy of
Figure 2. Modification of 5’-amino DNA ONs and LC-MS characterization of BAcharacterization is needed for applications that
labelled products. Deconvoluted mass spectra show peaks with masses expected for
require use of well-defined and homogenous
ss11-mer, ss25-mer, ss50-mer and ds19-mer 5’-BA-labelled products. Extra peaks (as
conjugates, for example development of imindicated by black arrows) seen with longer ONs (ss25-mer and ss50-mer) correspond
proved therapies[21] or single-molecule techto hexaflufluroisopropanol adducts (+ 168 Da) formed during electrospray ionization.
niques in biophysics.[22] One of the earliest
For full LC-MS spectra see Figures S20–S23.
examples of DNA-protein hybrids characterization by MS involved bioconjugates that
were enzymatically pre-digested and then analyzed by LCpurified by using size-exclusion spin columns for small-scale
preparations or RP-HPLC for larger-scale labelling reactions.
MS/MS.[23] Besides this, only a handful of reports on the
The optimized labelling conditions were used to label four
characterization of DNA-protein bioconjugates by MS methamino-modified ONs, 5’-NH2-ss11-mer, 5’-NH2-ss25-mer, 5’ods have been published. These include use of matrix-assisted
NH2-ss50-mer with different lengths, including doublelaser desorption/ionization MS that usually requires specific
stranded (ds) DNA-ON 5’-NH2-ds19-mer (Figure 2). We
sample and matrix preparation.[24] Electrospray ionization
chose examples of modified ONs based on their possible
(ESI) MS was used to characterize NA-protein conjugates but
applications: shorter (ss11-mer) ONs are usually used in
gave low mass accuracy and errors in mass ranges of tens of
preparation of probes for super-resolution microscopy by
Da.[7b, 25] Since MS provides more precise results than gel
[12]
DNA-PAINT, whereas longer ones are in the range of sizes
electrophoresis, we believed that a liquid chromatographyused for therapeutic[7] (ss25-mer or ds19-mer) or biomedical[3]
mass spectrometry (LC-MS) method for the accurate char(ss50-mer) applications. All BA-labelled ONs were successacterization of DNA-protein bioconjugates could be developed. Analysis by LC-MS is well-established for the accurate
fully characterized by LC-MS (Figure 2b) and in all cases,
complete conversion of the starting material into expected
characterization of bioconjugates with small molecules, howproduct was observed. It is necessary to mention that for
ever, its use for the analysis of DNA-protein conjugates is not
modification of 5’-NH2-ss50-mer more linker 2 (200 equiv
that straightforward. To the best of our knowledge a simple,
instead of 100 equiv) was needed to ensure complete conaccurate, reproducible and reliable LC-MS method for
version of the starting ON (Figure S22).
routine characterization of intact DNA-protein hybrids has
In a similar manner, 5’-NH2-ss11-mer and 5’-NH2-ss25not been reported.
mer ONs were modified with commercially available 3Bioconjugate 594Nup98 G85C-ss11-mer was chosen as
a model for the optimization of the LC-MS method. The
(maleimido)propionic acid N-hydroxysuccinimide ester 5
using the optimized BA labelling conditions stated above.
conjugate was prepared by reaction of a short BA-labelled
Complete conversion of the starting material to either the
ON 5’-BA-ss11-mer with the single-domain antibody against
maleimide (minor) or hydrolyzed maleamic acid (major)
Xenopus nucleoporin complex 594Nup98 G85C[26] bearing
labelled product was observed by LC-MS for both reactions
a single available cysteine residue (Figure 3 a). Complete
(Figures S25 and S26). RMss11 (1:9 5’-maleimide-ss11conversion of the starting protein was obtained under mild
mer:5’-maleamic acid-ss11-mer) was then incubated at 37 8C
reaction conditions (pH 8.0, 25 8C, 2 equiv of the BA-labelled
to test hydrolytic stability of the maleimide-labelled ON.
ON; Figure S30). At first, this bioconjugation reaction was
After 24 h, complete hydrolysis of 5’-maleimide-ss11-mer to
analyzed by standard LC-MS conditions suitable for proteins
5’-maleamic acid-ss11-mer (Figure S27) was obtained. In
with formic acid as the LC-MS additive (Figure 3 b). Under
comparison, no hydrolysis of 5’-BA-ss11-mer was observed
these conditions, ion series with multiple ion species was
under the same conditions (Figure S29), highlighting the
obtained, which was deconvoluted by the MaxEnt1 algorithm
remarkable hydrolytic stability of the BA-labelled ONs.
and led to a peak with a molecular weight that corresponded
Angew. Chem. Int. Ed. 2021, 60, 25905 – 25913
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little effect on the signal of the extracted ion
series or deconvoluted mass spectra at higher
(10 mM) or lower (5 mM, 2 mM or 1 mM)
ammonium acetate concentrations (Figures S32–
S35). However, the use of higher concentrations
was noticeable in the UV trace of the LC whereby
background noise was detected. To examine the
impact of the counter anion of the LC-MS
additive on the analysis, 10 mM ammonium
formate was also tested. We observed a clear
effect on the ionization of the sample, but the
deconvolution and reconstruction of the total
mass ion gave a similar result as with 10 mM
ammonium acetate (Figure 3 b). At 1 mM concentration, extracted ion series clearly show
differences in the presence and intensity of ion
species, which we attributed to the less efficient
ionization by ammonium formate at lower concentration (Figure S36). Based on all these observations, we chose 1–10 mM ammonium acetate as the LC-MS additive for the accurate
analysis and characterization of our DNA-antibody conjugates. We then tested the applicability
and accuracy of our LC-MS method for the
characterization of 11-mer conjugates with other
variants of Xenopus nucleoporin nanobodies.[26]
Constructs 576Nup98 A75C-ss11-mer, 427Nup93
C4-ss11-mer and 443Nup98 C4-ss11-mer were
prepared similarly to 594Nup98 G85C-ss11-mer
conjugate (Figures S38–S40). In all the cases, our
Figure 3. Optimization of the LC-MS method for the characterization of the model
optimized LC-MS method gave accurate results
DNA-antibody conjugate. a) Conditions used for the preparation of anti-nucleoporin
nanobody conjugates with a short ss11-mer DNA ON. b) Comparison of the effect
for the deconvoluted mass spectra of prepared
of different LC mobile phase additives on the ion series and deconvoluted mass
conjugates with observed masses in the range of
spectra for conjugate 594Nup98 G85C-ss11-mer. c) LC-MS characterization of
: 5 Da from calculated values (Figure 3 c). The
prepared ss11-mer conjugates of different anti-nucleoporin nanobody variants with
advantages of site-specificity and reproducibility
deconvoluted mass spectra and masses that correspond to expected products. For
of the conjugation reaction combined with the
full LC-MS spectra see Figures S30–S40.
accuracy of our LC-MS analysis could allow
application for the construction of well-defined,
functionally active DNA-protein conjugates.
to the expected product (ca. 17.5 kDa). This was observed
together with other ions with higher masses (Figure 3 b),
Having optimized the conditions for the LC-MS analysis
which were assigned to ion species with different levels of
and characterization of the DNA-antibody conjugates, we
saturation with counter cations, such as Na+ and K+ on the
wanted to explore the applicability of our bioconjugation
phosphate backbone of the ON part of the bioconjugate. We
protocol to proteins of various sizes with cysteine residues
assumed that this was due to the phosphate buffer used in the
with different accessibility and reactivity. We managed to
successfully conjugate 5’-BA-ss11-mer to four different prolabelling reaction or the mobile phase used for the LC-MS
teins including Ubiquitin K63C (with an engineered cysteine
analysis. So, to eliminate these species, we tested whether
residue),[28] C2A domain of Synaptotagmin-I C2Am-C95
a different LC-MS mobile phase additive would provide
[27]
better results. With ammonium acetate at 10 mM concen(derivatives of which are used as probes for in vivo imaging
tration, much cleaner extracted ion series were obtained
of apoptosis),[29] Annexin V-C315[30] and an recombinant
relative to experiments that used formic acid as the LC-MS
human serum albumin-Recombumin (Albumedix Ltd) HSAadditive (Figure 3 b) and deconvolution led to a single peak
C34[31] (which often serves as a versatile carrier for therapeuwith the mass corresponding to the calculated mass of the
tic and diagnostic agents). In all cases, bioconjugation
desired conjugate (17 516 Da). This was probably due to the
conditions were optimized to obtain complete conversion of
saturation of the ON phosphate backbone by volatile
the starting protein into desired bioconjugate with no more
ammonium counter cations and overall stabilization of the
than 10 equiv of BA-labelled ON used (Figure 4 a). All
charge of the DNA-protein conjugate sample. An ion series of
reactions were performed in 50 mM NaPi buffer at pH 8.0,
an individual species could be then extracted and deconvo25 8C, 30 min or 1 h to obtain UbK63C-ss11-mer, C2Am-C95luted into a mass spectrum that contained a single peak for
ss11-mer and HSA-C34-ss11-mer conjugates (Figure 4 b).
the expected product. Concentration of LC-MS additive had
Annexin V-315-ss11-mer conjugate required a reaction tem-
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Next, we extended our DNA bioconjugation method to antibodies. Site-specific and stoichiometric conjugation of
DNA or RNA ONs to monoclonal antibodies (mAbs) or antibody fragments is
desired for applications like structural
DNA nanotechnology and imaging,[32]
preparation of well-defined DNA-antibody nanostructures[33] or delivery of
therapeutic ONs, such as antisense ONs
(AOs)[7a] or small-interfering RNAs
(siRNAs).[7b] As only a limited number
of bioconjugation methods for such
constructs are available, we wanted to
test the reliability of our method in the
preparation of ON-antibody conjugates.
With our bioconjugation platform, light
(LC) and heavy chain (HC) subunits of
immunoglobulin G (IgG) mAbs can be
easily modified with BA-labelled ONs
via engineered cysteine residues. To
demonstrate this we used Thiomab LCV205C,[34] a mAb targeting the human
epidermal growth factor receptor 2
(HER2) that is over-expressed on the
cell surface of certain types of breast
cancer, and Gemtuzumab mAb variants,
which recognize the myeloid differentiation antigen CD33 on acute myeloid
leukemia (AML) cells.[35] By using our
bioconjugation protocol, cysteine residues on LCs of Thiomab LC-V205C and
Figure 4. Site-specific NA-antibody conjugates. a) Scope of the conjugation of BA-modified
Gemtuzumab LC-V205C and cysteine
ONs through cysteine residues to proteins and antibodies of various sizes and formats.
residues on HCs of Gemtuzumab i239C
b) Deconvoluted mass spectra obtained from the modification of four model proteins with the
and Gemtuzumab HC-S442C were the
5’-BA-ss11-mer ON. c) Deconvoluted mass spectra obtained from the modification of C2Amonly amino acid residues modified with
C95 with different BA-modified ONs. d) Deconvoluted mass spectra of prepared DNA-antibody
5’-BA-ss11-mer ON (Figure 4 d). For the
conjugates that bear antibodies against HER2 or CD33 receptors. To observe individual LC and
bioconjugation reaction conditions we
HC of IgG mAbs, disulfide bonds between LCs and HCs were reduced prior to LC-MS analysis
used 5 equiv of the BA-labelled ON per
(SI). e) Deconvoluted mass spectra of four different 2Rb17c-C138 conjugates. Each DNAprotein bioconjugation reaction was performed under the optimized conditions (SI) at least
cysteine residue in 50 mM NaPi buffer at
two times and led to identical, pure products. For full LC-MS spectra see Figures S41, S43–
pH 8.0 and 37 8C for 1 h, which led in all
S52, S54, S56–59.
cases to complete conversion of starting
antibody materials into desired bioconperature of 37 8C and a prolonged reaction time because of
jugates. To rule out any chemoselectivity issues, 5’-BA-ss11the more buried and consequently less reactive Cys-315
mer was also reacted with Trastuzumab, a HER2 targeting
residue (Figure S44). Moreover, by conjugating longer ssONs
mAb containing no additional accessible cysteine residues.
5’-BA-ss25-mer, 5’-BA-ss50-mer and even dsON 5’-BA-ds19LC-MS analysis revealed no modification in the light or heavy
mer to C2Am-C95 (Figure 4 c) we have shown that our DNAchain after 1 h at 37 8C (identical results were obtained when
protein bioconjugation protocol is versatile and suitable for
leaving the reaction for 48 h; Figure S53), demonstrating the
conjugation of different types of BA-labelled ONs. As
site-specificity of the BA-labelled ON reagents towards
a control experiment, we mixed Ubiquitin K63C with an
cysteine residues. It is worth noting that LC-MS analysis on
unmodified 5’-NH2-ss11-mer (Figure S42). Formation of
ON-modified HC antibody fragments was challenging. As
conjugate was not observed under these conditions, which
seen in Figure 4 d (see also Figures S51 and S52), the signal of
demonstrates that unspecific bioconjugation reactions do not
the main peak in the deconvoluted mass spectra of HCs of the
occur in the absence of the BA moiety. All the prepared
ss11-mer-modified Gemtuzumab i239C and Gemtuzumab
DNA-protein bioconjugates were successfully characterized
HC-S442C variants is of lower intensity and accompanied by
by our optimized LC-MS method thus proving its reliability
other peaks. Although with a slightly larger error, observed
and accuracy in the analysis of DNA-protein constructs for
peaks are in the range of expected masses for bioconjugate
a wide range of masses and types of bioconjugates.
products, which suggests the DNA-antibody conjugation
Angew. Chem. Int. Ed. 2021, 60, 25905 – 25913
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2Rb17c-138 to 2Rb17cc-C138-ss11-mer using RMss11 can be
attributed to the high percentage of 5’-maleamic acid-ss11mer present in the reaction mixture. Altogether, the results of
both antibody bioconjugation and ON labelling experiments
confirm the superior performance of the BA functionality
over maleimides in DNA-antibody bioconjugation reactions.
As we were keen to develop a bioconjugation method
which provides DNA-antibody conjugates suitable for in vivo
studies, we assessed the plasma stability of 2Rb17c-C138-ss11mer. The conjugate was added to 10 % human plasma in PBS
buffer pH 7.4 at 37 8C, and samples were taken at four
different time points (0 h, 24 h, 48 h and 72 h) and analyzed by
LC-MS (Figure 5 a). No decomposition of 2Rb17c-C138-ss11mer was seen, which strongly suggests that it is stable in the
presence of human plasma and opens up opportunities for this
method to be used for the preparation of hybrid biomolecular
constructs for in vivo applications, such as improved targeted
cancer therapy by antibody-mediated delivery of siRNA,
antisense ONs or other therapeutic ONs.[38]
Ultimately, Thiomab LC-V205C-ss11-mer and 2Rb17cC138-ss11-mer conjugates were used as probes in superresolution microscopy experiments with the DNAPAINT
method.[12, 14b, 24c]
The sequence of the conjugated ON,[39] called “docking strand”, is designed to
be complementary to another short 10-mer fluorophore-labelled DNA ON,
referred to as “imager
strand”. The low melting
temperature of the corresponding duplex causes the
“imager strand” to repeatedly bind and dissociate
from the target “docking
strand” and this transient
binding enables to locate
“docking strand”-labelled
antibody. The detected
“blinking” is then used to
reconstruct the super-resolution image. Both Thiomab LC-V205C full-length
IgG and 2Rb17c-C138 single-domain antibody selectively bind to HER2 recepFigure 5. Bioconjugate integrity studies and cell imaging experiments. a) LC-MS based conjugate integrity
tors on breast cancer cells,
study of the anti-HER2 nanobody conjugate 2Rb17c-C138-ss11-mer in the presence of 10 % human plasma
so we investigated whether
with deconvoluted mass spectra of samples taken at specified time points. No detectable degradation of the
HER2 receptor binding of
DNA-nanobody conjugate was observed and an intact 2Rb17c-C138-ss11-mer conjugate was identified by LCboth bioconjugate probes
MS after 72 h. For full LC-MS spectra see Figures S60–S63. b) Super-resolution images of HER2 receptors on
SKBR3 breast cancer cells obtained by DNA-PAINT method. 2Rb17c-C138-ss11-mer and Thiomab LC-V205Cwas retained even after
ss11-mer were used as probes. Scale bars represent 1000 nm (top images) or 500 nm (bottom images).
DNA ON conjugation.
c) Epifluorescence microscopy imaging of the HER2 receptor-mediated internalization of the 2Rb17c-C138These experiments were
Cy3-3’-ss25-mer conjugate on SKBR3 breast cancer cells. Obtained images of SKBR3 cells incubated for 2 h:
performed on paraformalwithout any probe, with 2Rb17c-C138 antibody, 5’-NH2-Cy3-3’-ss25-mer ON, 2Rb17c-C138-Cy3-3’-ss25-mer or
dehyde-fixed
SKBR3
with 2Rb17c-C138-Cy3-3’-ss25-mer after 1 h incubation with Trastuzumab. Images were processed using
breast cancer cells (see
ImageJ software, scale bars represent 100 mm. Experiments were performed two independent times.
DNA-PAINT imaging exRepresentative data from one experiment is shown. For full experimental details see SI.
reaction was successful. The inaccuracy in the LC-MS analysis
for this type of conjugate could be attributed to their
inefficient ionization caused by glycosylation of mAb with
various glycans attached to HCs.[36]
In addition to full-length IgG mAbs, we have applied our
DNA-protein bioconjugation protocol to single domain antiHER2 antibody 2Rb17c-C138[37] with all four prepared BAlabelled ONs (Figure 4 e). Here, complete conversion was
observed and all products were characterized by LC-MS with
masses as expected. The range of BA-labelled ONs of various
lengths successfully conjugated to an array of various proteins
and antibodies clearly demonstrates the versatility of this
simple and powerful, bioconjugation method to give sitespecific and stoichiometric DNA-protein conjugates. 2Rb17cC138 was also reacted with RMss11 (1:9 5’-maleimide-ss11mer:5’-maleamic acid-ss11-mer) under the same conditions as
those used for 5’-BA-ss11-mer. Only ca. 64 % conversion of
the starting material to the desired conjugate was observed
(Figure S55). As a control, 2Rb17c-C138 was also reacted
with 5’-maleamic acid-ss11-mer and as expected, formation of
conjugate did not occur (Figure S28). The low conversion of
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periments in the SI) which are known for their high HER2
receptor expression levels.[40] High localization numbers were
detected in both cases and super-resolution images of HER2
receptor networks on the surface of SKBR3 cells were
acquired (Figure 5 b). Results obtained from these experiments confirm that both prepared DNA-antibody conjugates
retained their target receptor binding activity.
To provide further insight into intracellular trafficking and
localization of generated bioconjugates, another experiment
which provides qualitative evidence on the receptor-mediated
internalization of the DNA-antibody bioconjugate was carried out by using epifluorescence microscopy. Internalizing
anti-HER2 single-domain antibody 2Rb17c-C138, which
upon binding to its target cell surface HER2 receptors is
taken up by cells via receptor-mediated endocytosis, was
chosen as delivery vehicle. This feature together with the
smaller format of this antibody relative to full-length antiHER2 IgG Thiomab LC-V205C, makes this antibody an ideal
candidate for cell-specific (in this case HER2 +), antibodymediated delivery of drugs and therapeutic ONs. 2Rb17cC138-Cy3-3’-ss25-mer DNA-antibody bioconjugate probe
with a Cy3 fluorophore attached to the 3’-end of a ss25-mer
ON was prepared (Figure S59). SKBR3 cells were incubated
with this bioconjugate or controls, fixed and imaged (see
epifluorescence microscopy imaging experiments in the SI).
Obtained images demonstrate that Cy3-labelled DNA ON
was localized inside SKBR3 cells only when formulated and
delivered as an ON-antibody conjugate (Figure 5 c) and not
detected when cells were incubated with “naked” Cy3-ON
without the antibody vehicle (Figure 5 c). A control experiment in which HER2 receptors were blocked with full-length
anti-HER2 IgG antibody Trastuzumab resulted in 75 %
decrease of the Cy3-ON signal (Figure S64) which was
localized mainly on the cell surface presumably as a result
of competition for HER2 receptor binding between 2Rb17cC138-Cy3-3’-ss25-mer and Trastuzumab. Additional evidence
was obtained from an imaging experiment in which the same
nanobody directly modified with a fluorophore dye was used.
Conjugate 2Rb17c-C138-C5-AF488 was prepared by modifying the cysteine residue of the nanobody with AF-488-C5maleimide under standard conditions (Figure S65). A similar
intracellular localization pattern to 2Rb17c-C138-Cy3-3’ss25-mer was observed with 2Rb17c-C138-C5-AF488 conjugate (Figure S66). The results provided by super-resolution
and fluorescence microscopy imaging experiments support
the potential of the developed DNA-antibody bioconjugation
platform to be applied for targeted antibody-mediated
delivery of therapeutic ONs.

Conclusion
We have developed an improved protocol for the
bioconjugation of DNA ONs to proteins and antibodies, and
an optimized method for the LC-MS characterization of
prepared bioconjugates. By using easy-to-prepare BA-PFP
reagent 2, various types of ss- or ds-amino-modified DNA
ONs can be labelled with a BA moiety. Prepared BAmodified ONs are then conjugated to proteins and antibodies
Angew. Chem. Int. Ed. 2021, 60, 25905 – 25913
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through cysteine selective thiol-Michael addition reactions.
By conjugating different types of DNA ONs to a wide range
of proteins and antibodies, we demonstrate the generality and
versatility of our DNA-protein bioconjugation platform that
gives site-specific and homogenous DNA-protein conjugates.
Importantly, bioconjugates prepared by this method are
stable in the presence of human plasma, which makes them
useful for various in vitro applications, including imaging,
nanofabrication, biosensing or immunological detection
methods[6a] and suitable for in vivo bioassays and potentially
for therapeutic applications.[13] All these features (confirmed
by side-by-side comparative experiments) make our BAbased DNA-antibody bioconjugation platform superior to the
most popular approaches utilizing maleimides. As an example, we have shown that DNA-antibody probes 2Rb17c-C138ss11-mer and Thiomab LC-V205C-ss11-mer prepared by our
method can be used to image HER2 receptors on the surface
of HER2 + SKBR3 breast cancer cells by means of DNAPAINT super-resolution microscopy.[12, 39] Such studies could
open up the door for development of improved diagnostic
methods for the quantification of expression levels of HER2
or other receptors in breast and other types of cancer by
adapting the method for the quantitative point accumulation
in nanoscale topography (qPAINT).[41] In addition, fluorescent DNA-antibody bioconjugate 2Rb17c-C138-Cy3-3’-ss25mer was used as a probe in epifluorescence microscopy
imaging experiments to investigate HER2 receptor-mediated
internalization of this DNA-antibody construct in SKBR3
cancer cells. Images obtained from these experiments clearly
showed intracellular localization of 2Rb17c-C138-Cy3-3’ss25-mer. The results of this work support the potential of
the developed bioconjugation platform for therapeutic applications by using antibodies as delivery vehicles for therapeutic ONs. Further studies and developments towards strategies
for more efficient cancer therapies by constructing tumortargeting nanostructures or various types of NA-antibody
bioconjugates for targeted delivery of therapeutic ONs are
underway in our laboratories.

Acknowledgements
This project has received funding from the European
Research Council (ERC) under the European UnionQs
Horizon 2020 research and innovation programme (Grant
agreement No. 676832 and 852985). We also thank Dr. Ester
Jim8nez-Moreno for providing Ubiquitin K63C, Dr. Maria
Jo¼o Matos for Annexin V-C315, Dr. Andr8 Neves and Prof.
Kevin Brindle (Cancer Research UK Cambridge Institute,
Cambridge) for C2Am-C95 protein, Albumedix for recombiU
nant human serum albumin-Recombumin , Dr. Tino Pleiner
and Prof. Dirk Gçrlich (Max Planck Institute for Biophysical
Chemistry, Gçttingen) for anti-nucleoporin nanobodies, Dr.
Sam Massa and Prof. Nick Devoogdt (Vrije Universiteit
Brussel, Brussels) for the anti-HER2 2Rb17c-C138 nanobody,
Genentech for the Thiomab LC-V205C antibody and AstraZeneca for producing and supplying Gemtuzumab antibody
variants. The authors would also like to thank Dr. Vikki
Cantrill for her help with the editing of this manuscript,

T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

www.angewandte.org

25911

Research Articles
Claudia Flandoli (draw.science) for Figure design and editing
and Dr. Bruno Oliveira for useful discussions. L.B. has
a BBSRC iCASE studentship. D.K. is a Royal Society
Research Professor (RP150066). G.J.L.B. is a Royal Society
University Research Fellow (URF\R\180019) and an FCT
Stimulus (CEECIND/00453/2018).

[17]
[18]
[19]

Conflict of Interest
The authors declare no conflict of interest.
Keywords: antibodies · bioconjugation · imaging ·
mass spectrometry · nucleic acids

[20]

[21]
[1] a) E. A. Hoyt, P. M. S. D. Cal, B. L. Oliveira, G. J. L. Bernardes,
Nat. Rev. Chem. 2019, 3, 147 – 171; b) C. D. Spicer, E. T. Pashuck,
M. M. Stevens, Chem. Rev. 2018, 118, 7702 – 7743.
[2] R. Bumgarner, Current Protocols in Molecular Biology, Wiley,
Hoboken, 2013, chap. 22, Unit 22 21.
[3] Y. Ke, C. Castro, J. H. Choi, Annu. Rev. Biomed. Eng. 2018, 20,
375 – 401.
[4] A. Raj, P. van den Bogaard, S. A. Rifkin, A. van Oudenaarden,
S. Tyagi, Nat. Methods 2008, 5, 877 – 879.
[5] C. A. Stein, D. Castanotto, Mol. Ther. 2017, 25, 1069 – 1075.
[6] a) C. M. Niemeyer, Angew. Chem. Int. Ed. 2010, 49, 1200 – 1216;
Angew. Chem. 2010, 122, 1220 – 1238; b) B. Sacc/, C. M.
Niemeyer, Chem. Soc. Rev. 2011, 40, 5910 – 5921.
[7] a) I. Walker, W. J. Irwin, S. Akhtar, Pharm. Res. 1995, 12, 1548 –
1553; b) T. L. Cuellar, D. Barnes, C. Nelson, J. Tanguay, S. F. Yu,
X. Wen, S. J. Scales, J. Gesch, D. Davis, A. van Brabant Smith, D.
Leake, R. Vandlen, C. W. Siebel, Nucleic Acids Res. 2015, 43,
1189 – 1203.
[8] T. Liu, P. Song, A. M-rcher, J. Kjems, C. Yang, K. V. Gothelf,
ChemBioChem 2019, 20, 1014 – 1018.
[9] I. Dovgan, A. Ehkirch, V. Lehot, I. Kuhn, O. Koniev, S.
Kolodych, A. Hentz, M. Ripoll, S. Ursuegui, M. Nothisen, S.
Cianf8rani, A. Wagner, Sci. Rep. 2020, 10, 7691.
[10] R. Meyer, C. M. Niemeyer, Small 2011, 7, 3211 – 3218.
[11] Z. Li, C. S. Theile, G. Y. Chen, A. M. Bilate, J. N. Duarte, A. M.
Avalos, T. Fang, R. Barberena, S. Sato, H. L. Ploegh, Angew.
Chem. Int. Ed. 2015, 54, 11706 – 11710; Angew. Chem. 2015, 127,
11872 – 11876.
[12] a) R. Jungmann, M. S. AvendaÇo, J. B. Woehrstein, M. Dai,
W. M. Shih, P. Yin, Nat. Methods 2014, 11, 313 – 318; b) J.
Schnitzbauer, M. T. Strauss, T. Schlichthaerle, F. Schueder, R.
Jungmann, Nat. Protoc. 2017, 12, 1198 – 1228.
[13] I. Dovgan, O. Koniev, S. Kolodych, A. Wagner, Bioconjugate
Chem. 2019, 30, 2483 – 2501.
[14] a) H. Gong, I. Holcomb, A. Ooi, X. Wang, D. Majonis, M. A.
Unger, R. Ramakrishnan, Bioconjugate Chem. 2016, 27, 217 –
225; b) T. Schlichthaerle, A. S. Eklund, F. Schueder, M. T.
Strauss, C. Tiede, A. Curd, J. Ries, M. Peckham, D. C.
Tomlinson, R. Jungmann, Angew. Chem. Int. Ed. 2018, 57,
11060 – 11063; Angew. Chem. 2018, 130, 11226 – 11230; c) M.
Synakewicz, D. Bauer, M. Rief, L. S. Itzhaki, Sci. Rep. 2019, 9,
13820.
[15] J. A. van Buggenum, J. P. Gerlach, S. Eising, L. Schoonen, R. A.
van Eijl, S. E. Tanis, M. Hogeweg, N. C. Hubner, J. C. van Hest,
K. M. Bonger, K. W. Mulder, Sci. Rep. 2016, 6, 22675.
[16] a) G. T. Hermanson, Bioconjugate Techniques, 3rd ed., Elsevier,
Amsterdam, 2013; b) J. Dadov#, M. Vr#bel, M. Ad#mik, M.
Br#zdov#, R. Pohl, M. Fojta, M. Hocek, Chem. Eur. J. 2015, 21,

25912 www.angewandte.org

[22]
[23]
[24]

[25]

[26]
[27]

[28]
[29]
[30]
[31]

[32]
[33]
[34]

[35]

[36]

Angewandte

Chemie

16091 – 16102; c) A. Mukhortava, M. Schlierf, Bioconjugate
Chem. 2016, 27, 1559 – 1563.
J. Ravasco, H. Faustino, A. Trindade, P. M. P. Gois, Chem. Eur. J.
2019, 25, 43 – 59.
A. D. Baldwin, K. L. Kiick, Bioconjugate Chem. 2011, 22, 1946 –
1953.
a) B. Bernardim, P. M. Cal, M. J. Matos, B. L. Oliveira, N.
Mart&nez-S#ez, I. S. Albuquerque, E. Perkins, F. Corzana, A. C.
Burtoloso, G. Jim8nez-Os8s, G. J. Bernardes, Nat. Commun.
2016, 7, 13128; b) B. Bernardim, M. J. Matos, X. Ferhati, I.
CompaÇln, A. Guerreiro, P. Akkapeddi, A. C. B. Burtoloso, G.
Jim8nez-Os8s, F. Corzana, G. J. L. Bernardes, Nat. Protoc. 2019,
14, 86 – 99.
a) D. M. Bauer, I. Ahmed, A. Vigovskaya, L. Fruk, Bioconjugate
Chem. 2013, 24, 1094 – 1101; b) J. Dadov#, P. Ors#g, R. Pohl, M.
Br#zdov#, M. Fojta, M. Hocek, Angew. Chem. Int. Ed. 2013, 52,
10515 – 10518; Angew. Chem. 2013, 125, 10709 – 10712.
P. Akkapeddi, S.-A. Azizi, A. M. Freedy, P. M. S. D. Cal, P. M. P.
Gois, G. J. L. Bernardes, Chem. Sci. 2016, 7, 2954 – 2963.
M. Sauer, M. Heilemann, Chem. Rev. 2017, 117, 7478 – 7509.
S. Wickramaratne, S. Mukherjee, P. W. Villalta, O. D. Sch-rer,
N. Y. Tretyakova, Bioconjugate Chem. 2013, 24, 1496 – 1506.
a) G. Li, R. E. Moellering, ChemBioChem 2019, 20, 1599 – 1605;
b) T. B. Nielsen, R. P. Thomsen, M. R. Mortensen, J. Kjems, P. F.
Nielsen, T. E. Nielsen, A. L. B. Kodal, E. Cll, K. V. Gothelf,
Angew. Chem. Int. Ed. 2019, 58, 9068 – 9072; Angew. Chem.
2019, 131, 9166 – 9170; c) S. S. Agasti, Y. Wang, F. Schueder, A.
Sukumar, R. Jungmann, P. Yin, Chem. Sci. 2017, 8, 3080 – 3091.
a) I. Ivancov#, R. Pohl, M. Hub#lek, M. Hocek, Angew. Chem.
Int. Ed. 2019, 58, 13345 – 13348; Angew. Chem. 2019, 131, 13479 –
13482; b) C. B. Rosen, A. L. Kodal, J. S. Nielsen, D. H. Schaffert,
C. Scavenius, A. H. Okholm, N. V. Voigt, J. J. Enghild, J. Kjems,
T. Tørring, K. V. Gothelf, Nat. Chem. 2014, 6, 804 – 809.
T. Pleiner, M. Bates, S. Trakhanov, C. T. Lee, J. E. Schliep, H.
Chug, M. Bçhning, H. Stark, H. Urlaub, D. Gçrlich, eLife 2015,
4, e11349.
D. S. Chan, V. Mendes, S. E. Thomas, B. N. McConnell, D.
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