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jugation of single-stranded DNA
to affinity proteins: quantifying the importance of
conjugation strategy†
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Affinity protein–oligonucleotide conjugates are increasingly being explored as diagnostic and therapeutic

tools. Despite growing interest, these probes are typically constructed using outdated, non-selective

chemistries, and little has been done to investigate how conjugation to oligonucleotides influences the

function of affinity proteins. Herein, we report a novel site-selective conjugation method for furnishing

affinity protein–oligonucleotide conjugates in a 93% yield within fifteen minutes. Using SPR, we explore

how the choice of affinity protein, conjugation strategy, and DNA length impact target binding and

reveal the deleterious effects of non-specific conjugation methods. Furthermore, we show that these

adverse effects can be minimised by employing our site-selective conjugation strategy, leading to

improved performance in an immuno-PCR assay. Finally, we investigate the interactions between affinity

protein–oligonucleotide conjugates and live cells, demonstrating the benefits of site-selective

conjugation. This work provides critical insight into the importance of conjugation strategy when

constructing affinity protein–oligonucleotide conjugates.
Introduction

Over the last two decades, affinity protein–oligonucleotide
conjugates have become indispensable tools within analytical
and diagnostic assays1 and are increasingly being explored as
therapeutic agents.2 Whilst the applications of affinity protein–
oligonucleotide conjugates are growing steadily, the methods
we use to generate them remain largely unchanged. This is in
spite of a rapidly expanding toolbox of chemical trans-
formations designed to facilitate the conjugation of affinity
proteins to a plethora of chemical and biological moieties.3

Furthermore, there is a paucity of studies assessing the relative
inuence of conjugation strategy, as well as protein and oligo-
nucleotide structure, on the performance of affinity protein–
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oligonucleotides. As a result, we possess an inadequate under-
standing of the factors underpinning both the construction and
application of these important bioconjugates. In this study, we
set out to remedy this by investigating the impact of both
conjugation strategy and protein/oligonucleotide structure on
the binding properties of a selection of affinity protein–oligo-
nucleotide conjugates.

Presently, affinity protein–oligonucleotide conjugates typi-
cally comprise IgGs conjugated to single-stranded DNA/RNA via
surface-accessible lysine residues, either directly via covalent
chemistries2,4–8 or indirectly via non-covalent ionic/affinity-
based interactions.9 These approaches take advantage of the
simplicity of lysine conjugation. Reagents such as NHS-esters
and isothiocyanates are easy to synthesise, and also readily
available from commercial suppliers (as are IgGs).5–8 Though
convenient, covalent conjugation to lysine residues has
a signicant disadvantage; lysine residues are typically abun-
dant on protein surfaces and almost impossible to selectively
target on native proteins. Consequently, such an approach
results in highly heterogeneous bioconjugate mixtures and can
signicantly impact target binding.7,9 Heterogeneity in affinity
protein-based targeting ligands is associated with a plethora of
issues, including decreased target affinity, batch-to-batch vari-
ability, increased non-specic binding, poor stability, and
unpredictable pharmacokinetic properties.10 Furthermore,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a reliance on large IgGs is problematic for proximity-driven
biosensing assays, such as proximity-ligation assays (PLA) and
super-resolution imaging (e.g., DNA Points Accumulation for
Imaging in Nanoscale Topography: DNA-PAINT), where mini-
mising the distance between the oligonucleotide probe and the
target is paramount.11–14

Understanding these limitations, researchers have begun
constructing affinity protein–oligonucleotide conjugates using
more controlled conjugation chemistries and/or non-IgG
affinity proteins, or smaller IgG-derived ligands. To date, site-
selective conjugation of oligonucleotides to IgGs has been
achieved via reduced disulphide bonds,15 specically engi-
neered cysteine or lysine residues,16,17 transglutaminase/
sortase-mediated enzymatic conjugation,18 or by employing
DNA-templated protein conjugation (DTPC).1 Similar strategies
have been used to conjugate oligonucleotides to IgG-derived
affinity proteins such as Fab19 and scFv13 ligands. Though
there are many reported advantages of using non-IgG-derived
affinity binders,20 particularly for analytical applications, their
conjugation to oligonucleotides remains underexplored.
Camelid-based nanobody–oligonucleotide conjugates have
carved a niche as probes in DNA-PAINT assays,11,21–23 PLA,24,25

and proximity extension assays (PEA).26 Designed Ankyrin
Repeat Proteins (DARPins) have been similarly employed for
PLA and immuno-rolling circle amplication (iRCA) assays.27

Though the eld is nascent,28 monobodies (centyrins),29 nano-
bodies,30 and DARPins31 have all been conjugated to siRNA for
therapeutic applications. Unfortunately, and despite the estab-
lished benets of using these synthetic scaffolds, IgGs remain
the de facto ligand choice for creating affinity protein–
oligonucleotides.

A common feature of the aforementioned studies is that they
have largely failed to provide detailed comparisons between
site-specic conjugation and traditional non-selective lysine
conjugation, or non-IgG ligands and IgG ligands. Particularly
lacking are investigations into how changing the nature of the
affinity ligand and the oligonucleotide conjugation strategy
inuence both specic and non-specic binding properties of
affinity proteins. A lone study by Lehot et al. investigated the
non-specic interactions of IgG–DNA conjugates with
mammalian cells, concluding that ssDNA conjugates exhibited
far greater non-specic binding to SK-BR-3 and MDA-MB-231
cells when compared to dsDNA conjugates.32 The authors did
not explore different conjugation methods or affinity ligands or
draw any rm conclusions regarding the effect of conjugation
on specic binding. To date, no study of this type exists.

Given that oligonucleotides are complex, negatively charged
molecules capable of engaging in multiple non-covalent inter-
actions, it is reasonable to hypothesise that their conjugation to
affinity protein ligands could inuence ligand–target interac-
tions. This hypothesis can be extended to propose that the
location and degree of conjugation could inuence the magni-
tude of these effects. In this study, we set out to test this
hypothesis by systematically investigating the impact of oligo-
nucleotide conjugation strategy on the binding proles and
analytical performance of multiple affinity protein–oligonucle-
otide conjugates. We combined non-selective and site-selective
© 2024 The Author(s). Published by the Royal Society of Chemistry
chemistries with IgG and non-IgG ligands to construct a library
of affinity protein–oligonucleotide conjugates and analysed
their target binding proles using surface plasmon resonance.
We then employed these affinity protein–oligonucleotide
conjugates in a plate-based immuno-PCR assay and as probes
for cell-surface receptor imaging, at each stage comparing and
contrasting the different approaches. The present study thus
contributes to our understanding of this important class of
bioconjugate and creates a much clearer picture of how they
ideally should be constructed.

Results and discussion
Protein–ssDNA conjugation

To begin, we established methodologies for installing comple-
mentary reactive “click” handles onto both the affinity proteins
and the ssDNA oligonucleotides. Due to the fast reaction
kinetics, we opted to employ the inverse electron demand Diels–
Alder (iEDDA) reaction between 1,2,4,5-methyltetrazine and
trans-cyclooctene. As model proteins, we chose Ontruzant
(trastuzumab, ONT), the Fab fragment of Ontruzant (ONT-Fab),
and an ADAPT6 equipped with a unique N-terminal cysteine
residue (ADAPT6).33 ADAPT6 is a scaffold affinity protein based
on the albumin binding domain of streptococcal protein G.
These proteins all target the same extracellular epitope on
domain IV of human epidermal growth factor 2 (HER2)34 but
vary signicantly in their size (ca. 7–145 kDa). We installed
methyltetrazine handles onto the ONT and ONT-Fab using
established disulde-bridging dibromopyridazinedione chem-
istry (Fig. 1a and S1a–j,† conjugates denoted as “dis”).35 In the
case of the ADAPT6–cys, we employed maleimide chemistry to
install the methyltetrazine onto the N-terminal cysteine
(conjugate denoted as “cys”). These sites (disulde bridges and
N-terminal cysteine) were chosen due to their distance from the
HER2-targeting paratope. We hypothesised that maximising the
distance between the conjugation site and the paratope would
lead to more efficient target binding. To enable comparison
with non-selective chemistries, we also installed methylte-
trazine handles onto random lysine residues within each ligand
using NHS-ester chemistry (conjugates denoted as “lys”).
Successful installation of the click handles was evidenced using
SDS-PAGE (Fig. 1b) and LC-MS (Fig. 1c and S2†). In the case of
the site-selective modication of ONT and ONT-Fab, partial
rebridging was observed, as evidenced by the presence of lower
molecular weight bands on the SDS-PAGE (Fig. 1b, lanes 2, 3, 7,
8). However, densitometry analysis suggests the desired,
modied proteins account for >90% of the material in the
sample. To enable conjugation between the methyltetrazine-
modied affinity and ssDNA, we installed trans-cyclooctene
handles onto ssDNA using a bifunctional DBCO–PEG12–TCO
linker and azide-modied oligos (Fig. S3 and Table S2†).
Following this, we optimised the conjugation of a TCO-
functionalized 29 nucleotide ssDNA oligonucleotide (TCO–
ssDNA29) to each of the affinity proteins (Fig. 1a–c). In each case,
we observed quantitative or near-quantitative conversion to the
desired product using a 2–3-fold excess of TCO–ssDNA29 over
the methyltetrazine handles. We subsequently determined that
Chem. Sci., 2024, 15, 8982–8992 | 8983
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Fig. 1 Site-selective iEDDA click chemistry is an efficient method for constructing affinity protein–ssDNA conjugates. (a) Schematic repre-
sentations of the modification of Ontruzant (ONT), Ontruzant Fab (ONT-Fab), and ADAPT6. The modification conditions are: (i) NHS–methyl-
tetrazine, 10 eq., 37 °C, 2 h, BBS pH = 8.4. (ii) ssDNA29, 8 eq., 21 °C, 0.5 h, BBS pH = 8.0. (iii) TCEP$HCl, 40 eq., 37 °C, 2 h, BBS pH = 8.0, Br2PD–
methyltetrazine, 24 eq., 21 °C, 1.5 h, BBS pH = 8.0. (iv) ssDNA29–TCO, 10 eq., 21 °C, 0.5 h, BBS pH = 8.0. (v) NHS–methyltetrazine, 10 eq., 21 °C,
2 h, BBS pH= 8.4. (vi) ssDNA29–TCO, 6 eq., 21 °C, 0.5 h, BBS pH= 8.0. (vii) TCEP$HCl, 10 eq., 37 °C, 2 h, BBS pH= 8.0, Br2PD–methyltetrazine, 8
eq., 21 °C, 1.5 h, BBS pH= 8.0. (viii) ssDNA29–TCO, 6 eq., 21 °C, 0.5 h, BBS pH= 8.0. (ix) NHS–methyltetrazine, 10 eq., 21 °C, 2 h, BBS pH= 8.4. (x)
ssDNA29, 6 eq., 21 °C, 0.5 h, BBS pH = 8.0. (xi) Maleimide–methyltetrazine, 10 eq., 21 °C, 1.5 h, BBS pH = 8.0. (xii) ssDNA29–TCO, 6 eq., 21 °C,
0.5 h, BBS pH = 8.0. Full chemical structures of Br2PD–methyltetrazine, maleimidemethyltetrazine, and NHS–methyltetrazine can be found in
Table S1.† (b) SDS-PAGE analysis of the modified ONT, ONT-Fab, and ADAPT6 structures. Lanes 11–15 were run on a separate gel. Lanes 3 and 8
highlight the advantages of site-directed conjugation for creating highly homogenous affinity protein–ssDNA conjugates. (c) Deconvoluted
mass spectra of (i) ONT-Fab–dis and (ii) ONT-Fab–dis–ssDNA29. More detailed spectra can be found in Fig. S2.† The presence of a single product
confirms the disulfide-selective nature of the reaction between ONT–dis and ssDNA29.
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the reaction between ONT-Fab–dis and TCO–ssDNA29 is
complete in as little as 15 minutes using just three equivalents
of TCO–ssDNA29, with a conversion rate >93% (Fig. S4†). We
attribute the high efficiency of ssDNA conjugation to the fast
kinetics of the iEDDA reaction (1–106 M−1 s−1).36 Previous
“click” approaches for conjugating proteins to ssDNA have
typically relied on slower strain-promoted alkyne–azide cyclo-
addition (SPAAC) chemistries with low reported conver-
sions.7,37,38 Purication of ONT–ssDNA29 and ONT-Fab–ssDNA29
could be achieved via anion exchange chromatography.

ADAPT–cys–ssDNA29 could not be satisfactorily puried;
thus, leover TCO-modied ssDNA29 can be observed in the
SDS-PAGE gel (Fig. 1b, lanes 13, 15).
8984 | Chem. Sci., 2024, 15, 8982–8992
Densitometry analysis of the SDS-PAGE traces of ONT–lys–
ssDNA29, ONT-Fab–lys–ssDNA29, and ADAPT6–cys–ssDNA29
suggests average ssDNA : protein ratios of 3.2 : 1, 3.5 : 1, and
1.2 : 1 respectively (Fig. S5†). Using UV-Vis spectroscopy, we
determined the pyridazinedione : antibody ratio (PDAR) of
ONT–dis to be 3.3 : 1 (Fig. S6†). Assuming quantitative conver-
sion of all methyltetrazine moieties, this would grant an
ssDNA : protein ratio of 3.3 : 1. Reacting ONT-Fab–dis and
ADAPT6–cys with TCO–ssDNA29 yielded singly modied
protein–ssDNA29 conjugates (ssDNA : protein = 1 : 1) (Fig. 1b
and c). This is unsurprising given the 1 : 1 stoichiometry of the
chemistries used to generate the methyltetrazine-modied
proteins.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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As anticipated, SDS-PAGE analysis of the optimised proto-
cols shows that site-selective conjugation of ssDNA grants more
homogenous products when compared to non-selective lysine-
selective chemistry. When modifying ONT, we achieved
similar average ssDNA : protein ratios using both disulde-
selective and lysine-selective chemistries (3.3 : 1 and 3.2 : 1,
respectively). However, for ONT-Fab the ssDNA : protein ratios
differed signicantly between the disulde-selective and lysine-
selection conjugation chemistries (1 : 1 and 3.5 : 1, respectively).
This is due to the limitations imposed by the single accessible
disulde bond present within the Fab fragment. Attempts to
decrease the degree of labelling of ONT-Fab–lys led to signi-
cant amounts of unmodied protein in the reaction solution
(Fig. S7†), which was difficult to remove during purication.
Intriguingly, in the case of the ADAPT6 both cysteine-selective
and lysine-selective chemistries led to similar ssDNA : protein
ratios (1 : 1 and 1.2 : 1, respectively). This suggests that there is
a certain degree of selectivity when modifying the ADAPT6,
either during the reaction between the native protein and the
NHS–methyltetrazine or the tetrazine-modied ADAPT6 and the
TCO-modied ssDNA.

In the case of ONT-Fab and ADAPT6, trace amounts of
unreacted modied proteins remained aer incubation with
the TCO–ssDNA29. Increasing the reaction time or equivalents
of TCO–ssDNA29 did not improve conversion (Fig. S4†). We
attribute this to the well-documented instability of methylte-
trazine.39 Regardless, this work represents one of the most
efficient conjugation reactions between a protein and DNA re-
ported to date. These results also mark the rst time that ssDNA
has been conjugated to IgG and Fab fragments using disulde-
selective chemistry.
The impact of conjugation on HER2 binding

Aer successfully preparing the affinity protein–ssDNA conju-
gates, we evaluated the impact of the different conjugation
chemistries on the binding between the affinity proteins and
their target (HER2) using surface plasmon resonance (SPR)
(Fig. 2). To analyse ONT and ONT-Fab, we immobilised HER2
on a dextran-coated gold SPR chip via non-selective lysine-
carboxylic acid coupling. For the ONT analytes, we utilised
a HER2 ligand density corresponding to 150 RU, and analysed
the target over a lower concentration range (0.206–16.6 nM);
this allowed us to avoid the avidity effects that we observed at
higher ligand densities. Due to the stronger binding between
ONT and HER2, relatively long dissociation times were
employed to ensure an accurate t of the dissociation rate
(Fig. S8†). For the ONT-Fab analytes we employed a HER2 ligand
density corresponding to 380 RU, which allowed us to achieve
acceptable responses (maximum 80 RU) when analysing the
ONT-Fab analytes. In the case of the ADAPT6, we observed
unacceptably low binding between the ADAPT6 ligands and the
HER2-coated surface prepared via direct immobilisation
(Fig. S9†). To remedy this, we employed biotinylated HER2 and
a streptavidin-coated surface, allowing us to achieve higher
HER2 ligand densities (800 RU) and subsequently more
appropriate responses (maximum 60 RU) when analysing the
© 2024 The Author(s). Published by the Royal Society of Chemistry
ADAPT binders. Since biotinylation of the HER2 was achieved
via lysine modication, we do not anticipate this would signif-
icantly impact the epitope availability of the HER2 on the chip
when compared to the direct immobilisation approach. To
enable fair comparisons, native, modied, and ssDNA-
conjugated ligands for each protein were analysed on the
same chip sequentially, under identical conditions.

Due to difficulties in accurately determining the concentra-
tion of the ssDNA-conjugated ligands aer anion exchange
purication, we opted not to purify the constructs prior to SPR
analysis. Instead, we determined the concentration of the
ligands prior to conjugation, and then adjusted accordingly
without additional purication. However, we observed no non-
specic binding between the ssDNA and HER2 and conrmed
that the presence of ssDNA had no detrimental impact on the
specic binding (Fig. S10†). The response curves were globally
t to a 1 : 1 kinetic binding model, and the association (kon) and
dissociation (koff) rate constants, as well as the observed
maximum binding (RmaxO), were computed directly from the
tted curves (Fig. 2b and Table S3†). Notably, at high concen-
trations of ONT and ONT-Fab analytes we observed minor
deviations from the expected t, possibly due to non-specic
interactions between the analytes and the chip surface.
However, these deviations are minimal, and do not signicantly
impact the binding parameters (kon, koff), as these were calcu-
lated from a global t of the data. Excluding these curves does
not signicantly change the data. The extent of mass transport
limitations, calculated using mass transport coefficients (kt)
obtained from global tting of the data to a mass-transport
limited model, was negligible in these systems (Table S5†).
Thus, following the law of mass action, the dissociation
constant (KD) was computed as the ratio between koff and kon.
The theoretical Rmax (RmaxT) was calculated according to eqn (1),
accounting for the respective molecular weights of the proteins
and the density of HER2 on the chip. These calculations are
detailed in Table S4.†

Rmaxanalyte ¼
Mranalyte � Rligand

Mrligand
ðRUÞ (1)

For each protein we studied, both chemical modication and
subsequent conjugation to the ssDNA led to a decrease in the
apparent association rates (ka). Interestingly, the fraction of
active binders, as estimated from RmaxO : RmaxT, also decreases
upon modication and conjugation, though to a slightly lesser
extent. This could be partially responsible for the observed
decrease in the association rates, since the calculated associa-
tion rates depend on the input concentration of active analyte.
However, adjusting the concentration of analytes based on the
RmaxO : RmaxT value does not change the trends signicantly. For
both ka and RmaxO : RmaxT, the loss was more pronounced when
heterogeneous conjugation was employed. In the case of both
ONT and ONT-Fab, the dissociation rate (kd) was largely
invariable to any modication. For ADAPT6, modication and
conjugation increased the kd. Once again, this effect was greater
when modication occurred via lysine residues. It is important
to note that all the interactions were studied in PBS (0.1%
Chem. Sci., 2024, 15, 8982–8992 | 8985
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Fig. 2 Site-selective conjugation strategies produce bioconjugates with superior target binding. (a) SPR sensorgrams for the binding between
HER2 and (top left to bottom right) ONT, ONT–dis, ONT–dis–ssDNA29, ONT–lys, ONT–lys–ssDNA29, ONT-Fab, ONT-Fab–dis, ONT-Fab–dis–
ssDNA29, ADAPT6, ADAPT6–cys, ADAPT6–cys–ssDNA29, ADAPT6–lys, and ADAPT6–lys–ssDNA29. The association binding kinetics were
studied over 600 seconds, and the dissociation kinetics over 1000 seconds. Due to the low dissociation rate (koff), an extended dissociation time
(4000 seconds) was employed for studying ONT and its derivatives, as presented in Fig. S8.† Five concentrations were measured for a single
sample of each analyte (solid lines), and then globally fit to a 1 : 1 kinetic bindingmodel (dashed lines). (b) Plots of kon, koff, KD, and RmaxO : RmaxT for
(i) ONT, (ii) ONT-Fab, and (iii) ADAPT6, and their associated bioconjugates. The kon, koff, KD, and RmaxO values were obtained from a global fit of
the data. RmaxT was determined using eqn (1). The results are summarised in Table S3.† Comparing the ligands conjugated to ssDNA29 (bolded)
clearly demonstrates that site-selective conjugation leads to higher kon, lower KD, and higher RmaxO : RmaxT.
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Tween20) at 25 °C and it is possible that the absolute values for
kon and koff could change under different conditions. However,
we would not expect the overall trends to change signicantly.

This data suggests that the loss in binding affinity (increase
in KD) observed upon conjugation of the ligands to ssDNA is
driven primarily by a decrease in their association with HER2
(ka). Since the extent of mass transport limitations was negli-
gible in our studies, this cannot be attributed to differences in
size between the ligands. Rather, it is more likely a result of
8986 | Chem. Sci., 2024, 15, 8982–8992
steric factors. Given the chemical complexity and bulk of the
ssDNA cargos, signicant steric interactions between the
affinity protein–ssDNA conjugations and HER2 are expected. It
is reasonable to assume that these interactions would signi-
cantly impact association rates. This hypothesis could also
explain why the larger, heterogeneously constructed ONT-Fab–
lys–ssDNA29, with an affinity protein : ssDNA ratio of approxi-
mately 3.5 : 1, had a lower binding affinity than homogeneous
ONT-Fab–dis–ssDNA29, with a ratio closer to 1 : 1. However, this
© 2024 The Author(s). Published by the Royal Society of Chemistry
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hypothesis does not explain the relatively lower binding of the
heterogeneous ONT–lys–ssDNA29 and ADAPT6–lys–ssDNA29
conjugates, which both displayed protein : ssDNA ratios that
were remarkably similar to their homogeneously constructed
counterparts (3.3 : 1 vs. 3.2 : 1, and 1 : 1 vs. 1.2 : 1, respectively).
In these cases, the reduced binding could be a result of modi-
cation occurring at, or near, the paratope of the ligand; indeed,
both ONT and ADAPT 6 contain lysine residues within their
binding interfaces.40,41 Conversely, the disulde- and cysteine-
selective chemistries were purposefully chosen so that the
ssDNA cargo was positioned far away from the binding site.

These SPR experiments prove that conjugation of ssDNA to
each affinity protein signicantly inuences association
kinetics (kon) and observed maximum binding (RmaxO) between
the ligands and HER2. Moreover, these effects are far more
pronounced when conjugation occurs non-selectively via lysine
residues. In each case, faster association rates, lower
Fig. 3 Increasing ssDNA length decreases target binding capacity. (a) A
PAGE analysis of the ONT-Fab–ssDNA6–50 conjugates. As the length of th
of the bioconjugate is observed. (c) SPR sensorgrams for (top left to bott
dis–ssDNA10, ONT-Fab–dis–ssDNA15, ONT-Fab–dis–ssDNA20, ONT-Fab
The association binding kinetics were studied over 600 seconds, and th
measured for a single sample of each analyte (solid lines), and each was fi
and RmaxO : RmaxT for ONT-Fab–dis and ONT-Fab–dis–ssDNA6–50. The k
as described above. RmaxT was determined using eqn (1). The results are

© 2024 The Author(s). Published by the Royal Society of Chemistry
dissociation equilibrium constants, and higher RmaxO : RmaxT

ratios are observed compared to non-selective lysine
conjugation.
The impact of DNA length on HER2 binding

Aer elucidating the impact of conjugation strategy and choice
of affinity protein, we next investigated the impact of ssDNA
length on the target binding of affinity protein–ssDNA conju-
gates. We synthesised a selection of ONT-Fab–ssDNA proteins
conjugated to ssDNAs of varying lengths (ONT-Fab–dis–ssDNA6–
50) (Fig. 3a and b) and assessed their binding to HER2 using SPR
(Fig. 3c), as described above. The sensorgrams were t to a 1 : 1
kinetic binding model to determine the binding parameters
(kon, koff, KD, RmaxO, RmaxT) (Fig. 3d and Tables S6, S7†).

This data demonstrates that the observed association rates
between the ONT-Fab–dis–ssDNA conjugates and HER2 are
inversely related to the length of the ssDNA, though dissociation
schematic representation of ONT-Fab–ssDNA conjugation. (b) SDS-
e ssDNA increases (left to right), a corresponding increase in the weight
om right) ONT-Fab, ONT-Fab–dis, ONT-Fab–dis–ssDNA6, ONT-Fab–
–dis–ssDNA29, ONT-Fab–dis–ssDNA40, and ONT-Fab–dis–ssDNA50.
e dissociation kinetics over 1000 seconds. Five concentrations were
t to a 1 : 1 kinetic binding model (dashed lines). (d) Plots of kon, koff, KD,

on, koff, KD, and RmaxO values were obtained from a global fit of the data,
summarised in Table S6.†
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rates remain invariable to ssDNA length. Once again, the extent
of mass transport limitation was negligible (Table S8†), sug-
gesting the differences in binding cannot be attributed directly
to the size and diffusion of the ligands. Interestingly, the ratio
between the observed and theoretical Rmax (RmaxO : RmaxT)
decreases as ssDNA length increases, suggesting a decrease in
the fraction of active ligands as a function of ssDNA length.
Notably, these effects were not as pronounced as those observed
between site-selective and non-selective conjugation (Fig. 2).
This data supports the hypothesis that steric factors are a major
driver behind the observed decrease in binding affinity; as the
size of the DNA increases, so too would any steric effects caused
by the DNA. These results suggest that the length of ssDNA
cargos should be minimised if maintaining strong target
binding in affinity protein–ssDNA conjugates is desirable for an
intended application.
Conjugate performance in immuno-PCR

To investigate whether the advantages in target binding ach-
ieved through site-selective conjugation of ssDNA to targeting
ligands lead to analytical performance benets, we designed
a model sandwich immuno-PCR (iPCR) assay to detect HER2.
We conjugated an ssDNA target (ssDNA50) to ONT and ONT-Fab
via the optimised site-selective and non-selective strategies to
produce the desired affinity protein–ssDNA conjugates. Due to
the poor binding between the ADAPT6–lys–ssDNA conjugates
and HER2, the ADAPT6 ligand was omitted from further study.
SDS-PAGE analysis indicated comparable conversions and
protein : ssDNA ratios to those observed during the conjugation
of ssDNA29 (Fig. S11†). We subsequently employed these affinity
protein–ssDNA conjugates as detection probes in the HER2
sandwich immuno-PCR assay. Aer forming the immunocom-
plex, we denatured the proteins, detected the released ssDNA50
using quantitative PCR (qPCR) (Fig. S12†), and determined the
Fig. 4 Site-selectively constructed affinity protein–ssDNA conjugates d
Standard curves of HER2 titrated against 0.2, 1, or 5 nM of ONT–ssDN
disulfide chemistry (blue squares) or non-selective lysine conjugation (red
regions correspond to the 95% confidence limits of the four-parameter m
for the limit-of-detection (LoD) ([HER2] = 0 value + three standard devia
individual sample measurements, and the error bars correspond to the
probes constructed using site-selective disulfide chemistry displayed hig

8988 | Chem. Sci., 2024, 15, 8982–8992
cycle threshold (Ct) values for each HER2 concentration. We
plotted the change in Ct value as a function of HER2 concen-
tration (Fig. 4a) and extracted the C50 and limit-of-detection
(LoD) for each ligand at each concentration (Fig. 4b).

The observed trends agreed with the SPR results and high-
light several key differences between the different affinity
protein–ssDNA conjugates. Both ONT–ds–ssDNA50 and ONT-
Fab–ds–ssDNA50 display signicantly lower C50 and limit-of-
detection (LoD) values than their counterparts constructed
using non-specic lysine chemistry. These differences are more
pronounced for the ONT-Fab-based ligands, suggesting the
conjugation strategy has a larger effect on these proteins. These
results are concordant with the KD values obtained from the SPR
experiments. The high background signals observed with
ligands generated using the non-specic conjugation method
raises both the limit-of-detection and lower limit-of-
quantication of the assays, decreasing the functional range.
These experiments demonstrate the advantages of using site-
selective conjugation methods to construct affinity protein–
ssDNA probes for immuno-PCR assays.
Conjugate interactions with membrane-bound HER2

Previous studies have shown that affinity protein–DNA conju-
gates suffer from signicant non-specic binding to cell
membranes.32 This can decrease specicity and increase back-
ground noise when using such probes to detect membrane-
bound proteins. Knowing this, we were interested in investi-
gating how the choice of affinity probe and conjugation
approach inuences both the specic and non-specic binding
of affinity protein–DNA conjugates to their membrane-bound
target. To this end, we conjugated ssDNA containing a Texas
Red uorophore (ssDNA29–TEX) to ONT and ONT-Fab using
both the optimised disulde- and lysine-directed chemistries
(Fig. S13†) and studied their binding interactions with both (SK-
emonstrate improved performance in a model immuno-PCR assay. (a)
A50 and ONT-Fab–ssDNA50, constructed using either site-selective
triangles). Values are plotted as three individual values, and the shaded
odel fit. Raw qPCR curves can be found in Fig. S12.† (b) Plotted values
tions) and C50 for each assay. Values are plotted as the mean of three
95% confidence limits of the four-parameter model fit. In each case,
her specific signals and lower non-specific signals ([HER2 = 0]).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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BR-3) and (BT-20) cells. SK-BR-3 cells overexpress HER2
(HER2+),42 whereas BT-20 cells are triple-negative for breast
cancer markers, including HER2 (HER2−).43 Thus, these cell
lines are ideal models for studying interactions between cells
and HER2-targeting ligands. We incubated each probe (4.6 ×

10−3 to 10 nM) with the cells and then quantied the degree of
Fig. 5 Site-selectively constructed affinity protein–ssDNA conjugates d
membranes. (a) Normalised fluorescence signal distribution functions o
lines) cells stained with varying concentrations of ONT–dis–ssDNA29–T
Fab–lys–ssDNA29–TEX. The distributions contain red fluorescence data
forward scattering. Distributions comprise 10 000–20 000 measuremen
cell populations and gating, can be found in Fig. S14.† (b) Mean fluores
(HER2−) cells stained with each ligand. The data was obtained from the co
mean± SEM. (c) Fluorescencemicroscopy images showing staining of SK
ssDNA29–TEX and (ii) ONT-Fab–dis–ssDNA29–TEX and ONT-Fab–lys–s
imaged under 40×magnification using red (E550/Em630) and blue (Em377/
50%. Scale bar is equal to 50 mm. The data demonstrates that affinity pro
chemistry have higher specific binding and lower non-specific binding w

© 2024 The Author(s). Published by the Royal Society of Chemistry
binding using ow cytometry (Fig. 5a, b and S14†). In the case of
the SK-BR-3 cells and ONT ligands, two cell populations were
observed. We attribute this second population of cells to
a heterogeneous cell staining, whereby certain cells become
more strongly stained than others. However, gating the uo-
rescence to isolate a single population did not affect the
isplay increased specific and decreased non-specific binding to cell
f SK-BR-3 (HER2 positive, blue filled) and BT-20 (HER2 negative, clear
EX, ONT–lys–ssDNA29–TEX, ONT-Fab–dis–ssDNA29–TEX, and ONT-
from live cell populations, which were gated from the dead cells using
ts from a single population of cells. Contour plots, including details of
cence value vs. ligand concentration for SK-BR-3 (HER2+) and BT-20
rresponding distributions in (a). Error bars (not visible) are plotted as the
-BR-3 and BT-20 cells using (i) ONT–dis–ssDNA29–TEX andONT–lys–
sDNA29–TEX. Cells were stained with DAPI after fixing. The cells were
Em442) filters, a 100 ms exposure, and laser power (SpectraX-6-LCR) at
tein–oligonucleotide conjugates constructed using disulfide-selective
hen compared to those constructed using non-specific conjugation.
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observed trend (Fig. S15†). Extending the incubation times
alleviated this issue but also led to the death of a signicant
number of cells. We also studied the interactions between the
affinity protein–DNA conjugates and the cells qualitatively
using uorescence microscopy (Fig. 5c). To conrm that
differences in binding between the probes and the SK-BR-3 and
BT-20 cells could be attributed to the affinity protein–DNA
probes, rather than the ssDNA itself, we incubated unconju-
gated ssDNA29–TEX with both cell lines and observed no
signicant differences, with low total binding (Fig. S16†). As
a further control to conrm HER2-mediated binding, we incu-
bated an off-target antibody (anti-EGFR) conjugated to uores-
cent ssDNA with both cell populations. Once again, we observed
no signicant differences between the two cell lines using ow
cytometry and uorescence microscopy (Fig. S17†).

These experiments highlighted several interesting trends.
SK-BR-3 cells incubated with ONT–dis–ssDNA29–TEX and ONT-
Fab–dis–ssDNA29–TEX display a higher mean uorescence
value than cells incubated with ONT–lys–ssDNA29–TEX and
ONT-Fab–lys–ssDNA29–TEX. This is despite the fact that ligands
constructed using site-specic chemistries exhibited similar
uorescence to those created using non-specic chemistries
(Fig. S18†). This suggests that site-specically constructed
probes have a higher affinity for membrane-bound HER2 when
compared to probes constructed using non-selective chemis-
tries. We observed the opposite trend with HER2− BT-20 cells;
while each of the probes displays some non-specic binding to
the cells, particularly at high probe concentrations, the problem
was less apparent with probes constructed using site-selective
chemistries. Once again, this effect was most pronounced for
the ONT-Fab probes. Interestingly, the largest difference in
ssDNA : ligand ratio between the site-selective and non-site-
selective conjugation strategies (1 : 1 vs. 3.5 : 1) was also
observed with the ONT-Fab conjugates. This suggests a correla-
tion between the number of ssDNA payloads and the extent of
these non-specic interactions. This is unsurprising, as inter-
actions between ssDNA and proteins,44 polymeric materials,45,46

and cell-surfaces32 are well documented. Intriguingly, when
analysing the cells using ow cytometry, we observed the
highest mean uorescence with cells labelled with ONT-Fab–
dis–ssDNA29, despite this probe's relatively low uorescence
and lower binding affinity. This could be attributed to the small
size of the Fab fragment, which makes it more amenable to
binding to the high density of HER2 receptors on the surface of
the SK-BR-3 cells.47 The larger size of the IgG may limit binding
in such a densely crowded environment, particularly consid-
ering the epitope of HER2 is in domain IV, which is held close to
the membrane.34 These results imply that using site-specic
chemistries to furnish affinity protein–DNA conjugates is an
effective method for both increasing specic binding to
membrane-bound targets and reducing non-specic
interactions.

Conclusions

This work conclusively demonstrates the impact that conju-
gation to ssDNA has upon the binding between different
8990 | Chem. Sci., 2024, 15, 8982–8992
affinity proteins and their target, the inuence of different
conjugation strategies upon the magnitude of this impact, and
how these factors inuence the performance of affinity
protein–DNA conjugates as analytical probes. Specically, our
results highlight the detrimental impact that non-specic
lysine conjugation has upon the performance of these probes
and the benets of shiing toward site-selective conjugation
strategies.

Given the growing interest in developing affinity protein–
DNA conjugates and the concurrent rise in the number of
analytical assays and biological therapeutics reliant on them,
the implications of this work are signicant and wide-ranging.
The importance of site-selective conjugation on the perfor-
mance of the Fab–ssDNA29 and ADAPT6–ssDNA29 conjugates
is particularly interesting. The benets of using smaller
affinity proteins in biosensing/analytical assays are well
documented, though they remain relatively underutilised for
DNA-driven assays, e.g., iPCR, iRCA and PLA/PEA. Our data
suggest that if smaller affinity proteins are to be routinely
employed as probes for these assays, it is imperative that they
are constructed using site-selective chemistries and that care
should be taken in choosing the attachment site and length of
the DNA cargo. Overall, the data presented here should serve
as a guide for those hoping to design, create, and apply affinity
protein–ssDNA conjugates within biosensing and imaging
assays.

We hope that this work will inspire similar investigations.
Exploring the impact of ssDNA : affinity protein ratio on the
binding properties of affinity protein–DNA conjugates would
undoubtedly yield exciting results, and many site-selective
conjugation strategies exist to facilitate this, e.g., ThioMab,48

transglutaminase,49 and dual-functionalized dibromopyr-
idazinediones.50 A study into the differences between ssDNA
and dsDNA payloads would be equally interesting. Moreover, we
believe that the combination of disulde-selective modication
and iEDDA “click” chemistry to furnish protein–ssDNA conju-
gates will pave the way towards a plethora of novel protein–DNA
constructs (e.g., bispecics, protein–siRNA conjugates, protein–
DNA origami conjugates).

Biological samples

All DNA was purchased from Microsynth (Bulgach, Switzer-
land). Ontruzant was purchased from Samsung Bioepis
(Incheon, Republic of Korea). HER2 was purchased from Sino-
biological (Beijing, People's Republic of China). Cell lines were
originally purchased from ATCC (Manassas, USA).

Data availability

Experimental protocols and additional data, including raw SDS-
PAGE data, can be found in the ESI.†

Author contributions

Conceptualisation: DAR, ART, FA, JN, P-AN, AJdM; investiga-
tion: ART, FA, DAR, JN, AJBH, SDI, IAT, PAS, GS, FMC; data
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01838a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 6
:5

7:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analysis ART, FA, JN, P-AN, DAR, PAS, IAT, SDI, AJBH, GS;
writing (original dra): DAR, ART, FA, AJdM, VC; writing (review
and editing): DAR, AJdM, ART, FA, PAS, IAT, SDI, VC; data vis-
ualisation: DAR, ART; supervision: DAR, AJdM, VC, P-AN;
resources: AJdM, DAR, VC. P-AN, NA; funding acquisition:
AJdM, DAR, VC, P-AN.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

DAR acknowledges funding from the European Union's
Horizon 2020 research and innovation programme (Marie
Skłodowska-Curie grant agreement 840232V) and the ETHZ
(Career Seed grant agreement SEED-13 21-2). NA acknowledges
funding from the European Research Council (101001652), the
Swiss National Science Foundation (212183) and the Swiss
Cancer League (KLS-5636-08-2022). VC acknowledges funding
for IAT from the EPSRC (EP/T517793/1). IAT acknowledges the
Sekforde Trust for providing a scholarship. PAS acknowledges
the Wellcome Trust (grant number: 175282, 214941/Z/18/Z). We
also acknowledge Dr Kersti Karu of the UCL Chemistry Mass
Spectrometry (MS) Facility and Dr Abil Aliev of the UCL NMR
service. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.

Notes and references

1 J. B. Trads, T. Tørring and K. V. Gothelf, Acc. Chem. Res.,
2017, 50, 1367–1374.

2 I. Dovgan, O. Koniev, S. Kolodych and A. Wagner,
Bioconjugate Chem., 2019, 30, 2483–2501.

3 N. H. Fischer, M. T. Oliveira and F. Diness, Biomater. Sci.,
2023, 11, 719–748.

4 J. Dugal-Tessier, S. Thirumalairajan and N. Jain, J. Clin. Med.,
2021, 10, 838.

5 S. S. Agasti, M. Liong, V. M. Peterson, H. Lee and
R. Weissleder, J. Am. Chem. Soc., 2012, 134, 18499–18502.

6 J. Schnitzbauer, M. T. Strauss, T. Schlichthaerle, F. Schueder
and R. Jungmann, Nat. Protoc., 2017, 12, 1198–1228.

7 A. V. Maerle, M. A. Simonova, V. D. Pivovarov, D. V. Voronina,
P. E. Drobyazina, D. Y. Tromov, L. P. Alekseev, S. K. Zavriev
and D. Y. Ryazantsev, PLoS One, 2019, 14, 1–19.

8 J. A. G. L. Van Buggenum, J. P. Gerlach, S. Eising,
L. Schoonen, R. A. P. M. Van Eijl, S. E. J. Tanis,
M. Hogeweg, N. C. Hubner, J. C. Van Hest, K. M. Bonger
and K. W. Mulder, Sci. Rep., 2016, 6, 22675.
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