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Two acyl-transfer catalysts were conjugated to thrombin-binding
DNA aptamers to acylate thrombin. Modification occurred site-
selectively on Lys (> >Ser) residues proximal to the respective
aptamer—thrombin interface, was selective for thrombin in the
presence of other proteins, and the activity of both DNA-catalysts
could be controlled by an external trigger.

The artificial chemical modification of proteins has led to new
insights in protein function and novel applications of this
important class of biomolecules. Examples of the latter include
therapeutics, where antibody conjugates are used to carry
toxins to specific tissues,' and of the former include chemical
biology approaches where fluorescently labelled proteins are
used to track their localization and movement within cells.**
Currently, a remaining challenge is, however, the site-selective
modification of native proteins. Although conditions have been
established to derivatize specific residues in some proteins,®®
tedious optimization is often required when applied to differ-
ent proteins. Alternatively, catalytic modification of reactive
residues”'® has resulted in various degrees of selective protein
modification, especially when guided by protein-binding
ligands."™"* Theoretically, this principle can also be applied
using protein-binding aptamers,'*™*° but this has not yet been
shown. This is unfortunate as aptamers - which are nucleotide-
based receptor molecules that bind a range of specific targets
from small molecules to proteins'’™*° - are not only conveni-
ently synthesized>**" and functionalized,>* but site-specifically
bind to a protein of interest,'® and can easily be included in
more complex systems**™* that, for example, facilitate ON/OFF
switchable characteristics.>®*” As such, aptamers offer a poten-
tially rich platform for the site-selective modification of native
proteins (Fig. 1).
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In this work, we show how catalyst-functionalized aptamers
can be used for the selective modification of a native protein,
including its ON/OFF switchable activities. Specifically, the
acyl-transfer catalysts DMAP***° or PyOx'> were tethered at
various positions to two thrombin-binding aptamers (TBA
and TBA2, 15 and 26 nucleotides, respectively; see Fig. 1A and
B for a schematic of their interactions with thrombin) and we
assessed the acylation of human o-thrombin, a 36 kDa serine
protease.

Our first set of catalytic DNA constructs consisted of a DMAP
catalyst attached to various sites on TBA. For this, a
bicyclononynylmethyl-functionalized dimethylaminopyridine deri-
vative (BCN-DMAP) was synthesized and covalently attached to an
azide-functionalized thymine at one of all seven thymine residues in
the TBA sequence (Fig. S1, ESIT)*>*! by means of strain-promoted
azide-alkyne cycloaddition (SPAAC) chemistry. Subsequent protein
modification experiments were performed by incubating human
a-thrombin with one of the various TBA-DMAP constructs for 1 h at
37 °C, after which azido-thioester 1 (Fig. 2A and Scheme S1, ESIt)
was added (final concentration: 150 pM). After the modification
reaction and addition of an excess of BCN-PEG2000, the modifica-
tion was analysed on SDS-PAGE. The various degrees of thrombin

Fig. 1 Schematic depiction of the application of DNA aptamers TBA (A)
and TBA2 (B) for human a-thrombin as scaffolds for the site-selective
acylation of proximal nucleophilic residues on the protein surface. Differ-
ent sites of the same protein can be modified as both aptamers bind at
opposite sides.
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Fig. 2 (A) DNA-tethered DMAP accepts thioesters 1 and 2 as substrates,
whereas PyOx accepts alkylated N-acyl-N-sulfonamides 3 and 4. Both
catalysts form a charged intermediate from which the acyl is transferred to
a nearby nucleophile on the protein. (B and C) Details of the divalent
catalyst species for (B) DMAP and (C) PyOx.

modification that we observed showed that different TBA-DMAP
constructs led to different enhanced levels of single modification,
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with TBA*DMAP and TBA'>DMAP as the best performing con-
structs with conversions of 27% and up to 49%, respectively
(Table S1, ESIT). Inspection of the single crystal X-ray structure of
the TBA-thrombin complex (PDB-code: 5EW1)*" confirmed that
these two positions of the TBA are indeed closest to the protein
surface (Fig. 3A and B). Kinetics analysis of TBA'">-DMAP indicated
that after 2 h the acylation reaction was mostly complete (Fig. S2,
ESIt). Subsequent tryptic digestion and analysis by LC-MS/MS of
azide-modified thrombin revealed that the aptamer-assisted single
modification was performed in a site-selective manner on Lys
residues proximal to the respective DMAP-containing thymine bases
(Fig. 3A and B). Our observation that not all residues in proximity to
the modified base are acylated, e.g., K77 (Fig. 3A) and K17 of the
light chain (LC) (Fig. 3B), while apparently more remote residues are
acylated, e.g;, K154 (Fig. 3A) and K106 and K107 (Fig. 3B), confirms
that the protein-aptamer interaction is quite dynamic and that
subtle interactions influence the site-selectivity.'®

In order to benefit from the affinity of an aptamer for its
target, we incubated a mixture of proteins (including thrombin)
with TBA®>-DMAP or TBA'>-DMAP and exposed it to alkyne-
thioester 2 (Fig. 2A). Modified proteins were visualized by click
conjugation to azido-lissamine by means of the copper(i)-
catalyzed azide-alkyne cycloaddition (CuAAC). As only fluores-
cently labelled thrombin was observed and none of the other
proteins was modified (Fig. 3C), we conclude that, indeed,
DMAP-aptamer conjugates specifically modify its target
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Fig. 3 Site-selective modification of thrombin by catalyst—aptamer conjugates. The color of the residues that are modified matches the color that marks
the catalyst position; the aptamer is shown in stick (blue for TBA in panels A, B, D and E, and orange for TBA2 in panel F), the base that is modified with the
catalyst is shown in balls. (A and B) Thrombin residues modified with azido-thioester 1 by (A) TBA®>-DMAP or (B) TBA2-DMAP in red. (C) SDS-PAGE
analysis and visualization of the selectivity of TBA>-DMAP (T3D) and TBA2-DMAP (T12D) for thrombin in a selectivity assay. Proteins modified with alkyne-
thioester 2 are coupled with azido-lissamine by means of CuAAC. (D) Single crystal X-ray structure of thrombin with both TBA and TBA2 as well as
exposed Lys (green) and Ser (pink) residues (PDB-code: 5SEW1%). (E and F) Thrombin residues modified with azido-ANANS 3 by (E) TBA-diPyOx or
(F) TBA2Y-diPyOx and TBA223-diPyOx in yellow. Images were generated using PyMol.
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protein. As the high reactivity of thioesters themselves led to
high background labelling (up to 20% with 300 uM 1), we
synthesized divalent DMAP catalyst constructs (Fig. 2B) that
could increase the acyl transfer rate by doubling the amount of
activated acyl groups near the protein surface.’”> Regrettably,
even a divalent DMAP catalyst provided only marginally
improved conversions (Table S2, ESIT). Therefore, we switched
to an acyl transfer catalyst that is more nucleophilic than DMAP
and can activate less reactive alkylated N-acyl-N-sulfonamide
(ANANS) substrates, i.e., 4-pyridinecarbaldehyde oxime (PyOx,
Fig. 2A)."? For this study, we focused on TBA positions that gave
the best results in the TBA-DMAP constructs, ie., positions 3
and 12. Thus, after synthesis of alkyne-functionalized PyOx,
CUAAC with TBA®-N; or TBA'>Nj; generated constructs TBA*-
PyOx and TBA'>-PyOx. Azido or alkyne-functionalized ANANS
derivatives 3 and 4 were also synthesized (Scheme S2, ESIT).
Although exposure of thrombin to TBA®*-PyOx or TBA'*-PyOx
and ANANS 3 under the same conditions as for TBA-DMAP
revealed lower conversions, the absence of detectable back-
ground at pH 7.2 enabled us to double the substrate concen-
tration and triple the reaction time (Fig. S3, ESIt). This resulted
in 18% and 28% conversion to singly-modified thrombin for
TBA®-PyOx and TBA'-PyOx (at pH 7.2), and 29% and 38%,
respectively, at pH 8.0. LC-MS/MS analysis of tryptic digests of
thrombin modified with azido-functionalized ANANS 3
revealed, again, site-selective acylation around the TBA-bound
PyOx catalyst (Table S3, ESIt). Although overlap was observed
with corresponding TBA-DMAP constructs (i.e., acylation of
K21, K77, K106, K107, K154 and K18"%), modification of addi-
tional Lys residues was also observed (ie., K83, K174 and
K23"°) (Fig. 3E). To our surprise, proximal serine residues were
also modified, e.g., Ser22 and Ser158 by TBA'>-PyOx (Fig. 3E).
To achieve higher conversions for the modification, we also
designed a divalent PyOx catalyst by mono-azidation of 1,3,5-
tri(bromomethyl)benzene and subsequent attachment of PyOx
to the resulting 1-(azidomethyl)-3,5-di(bromomethyl)benzene
moiety, to yield azido-diPyOx (Fig. 2C and Scheme S3, ESIT).
After CuAAC conjugation of azido-diPyOx to position 3 or 12 on
alkyne-functionalized TBA, TBA’-diPyOx and TBA'"-diPyOx
were obtained (Scheme S4, ESIt). Upon testing with 300 pM
of azido-ANANS 3 we found that these diPyOx constructs were
much more efficient in the modification of thrombin, reaching
>90% (at pH 7.2; Table S3, ESIt). That this higher percentage
also entailed larger quantities of multi-modified protein (spe-
cifically: 28% single, 30% double, 22% triple and 11% quad-
ruple modified thrombin) provides evidence that a higher
concentration of activated PyOx catalyst is located at the surface
of the protein. Interestingly, TBA*'?-bis(diPyOx), which con-
tains two diPyOx catalysts at different positions, was not more
active (Table S3, ESIt). Tryptic digestion analysis of thrombin
modified at pH 8.0 showed that, when compared to monovalent
TBA'>-PyOx, divalent TBA'*-diPyOx modified additional resi-
dues K196 and K23"C, while at the same time omitting mod-
ification of residues S22 and K83 (Fig. 3E). Larger differences
between PyOx and diPyOx functionalized aptamers were
observed at pH 7.2, with 3.9-5.2-fold enhancement when
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placed on TBA® and 2.7-3.3-fold enhancement when placed
on TBA'?. Apparently, the diPyOx catalyst generates a higher
concentration of reactive acyl-catalyst complex in proximity to
the protein surface than the DMAP catalyst (Fig. 2B, see also
Table S2, ESIt). As was the case for the DMAP conjugates,
TBA"-diPyOx also only modified thrombin in competitive
assays (Fig. S4, ESI). LC-MS analysis of TBA'*-diPyOx in the
presence of ANANS 3 revealed mono- and di-acylated constructs
as well as dehydrated catalyst in the absence of thrombin
(Fig. S51 and S52, ESIt). Apparently, an acylated PyOx catalyst
is formed that dehydrates in the absence of a protein substrate;
self-acylation of the DNA was not observed.

Now that we identified a catalyst system that yields high
conversions, we implemented another thrombin-binding apta-
mer (TBA2) in order to pursue the modification of the other
side of thrombin. Indeed, the TBA2-diPyOx catalysts modified
thrombin at residues positioned in close proximity to the
respective positions of the catalyst (Fig. 3F), even though
the conversions of 20-27% were substantially lower than for the
other aptamer (Tables S4, ESIt). Nonetheless, our results show that
different sides of the protein can be subjected to modification using
different protein-binding aptamers. That direct conjugation of the
catalyst to the protein binding aptamer is required for modification
is shown by the absence of modification when the catalyst was
tethered to a template strand that could hybridize with either the
TBA or TBA2 aptamer that was extended with its complementary
sequence (Fig. S5, ESIt). Conversions of TBA'>-diPyOx and TBA2"’-
diPyOx that were studied in the presence of native TBA and TBA2,
revealed that aptamer affinity after catalyst functionalization is
similar to their native counterparts (Fig. S6, ESIf). Additionally,
TBA'-diPyOx conversion was unaffected by the presence of TBA2,
neither was the activity of TBA2'”-diPyOx hampered by TBA.

In our ambition to imitate the ability of enzymes to not only
site-selectively modify proteins, but also do this in a trigger-
dependent manner, we incorporate an activity-control switch in
our catalytic constructs. For this, we designed an ssDNA OFF-
strand that could hybridize with our TBA-catalyst constructs to
form a catalytically inactive dsDNA duplex as the dsDNA is
unable to form the G-quadruplex structure that is essential to
thrombin binding (Fig. 4A). Indeed, upon addition of this
complementary ssDNA OFF-strand, the system turned to its
OFF state as no protein modification was detected (Fig. 4B and
Fig. S7, ESIt). After removing the OFF-strand by addition of a
second DNA strand that is fully complementary to the OFF
strand (including its toeholds), the original TBA is reformed
and the modification of thrombin is again efficient. We could
use this switch to successfully control the activity of TBA'*-
DMAP, TBA'*-PyOx and TBA'>-diPyOx, and the activity of the
latter could be regulated up to at least three full cycles (Fig. 4C).
The switch also worked in situ, where a 4 h reaction generated
the same conversion as a system that was in OFF modus for 4 of
the 8 h, even with different ON-OFF patterns, i.e., 2-4-2 h
ON-OFF-ON or 2-2-2-2 h ON-OFF-ON-OFF (Fig. S8, ESIY).

In conclusion, we present the first DNA-based catalyst for
the site-selective modification of a specific protein using its
affinity for an aptamer. We show that both DMAP and PyOx can

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Activity control of TBA-catalyst constructs. (A) Schematic depiction of
the activity switch where ssDNA OFF or ON strands suppress or regenerate,
respectively, the protein-binding ability of the aptamer. In the OFF-state, the
construct should not modify the protein. (B) SDS-PAGE analysis and visualization
of the activity switch of TBA'2-diPyOx after CUAAC modification of thrombin-
bound alkyne-ANANS 4 with azido-lissamine. (C) The activity of TBA-diPyOx
could be switched OFF and ON for three cycles (quantities were determined
from SDS-PAGE after modification with azido-ANANS 3 and BCN-PEG2000
using ImageJ software).

be used as acyl transfer catalysts, although the latter leads to
significantly higher conversions and uses a less reactive substrate
that supresses uncatalyzed labelling. Furthermore, we show that
nucleobases 3 and 12 of the TBA are the best sites for catalyst
conjugation, and that nucleobase 17 is the best for TBA2. Both TBA
and TBA2 catalytic constructs modified Lys and, to a lesser extent,
Ser residues that are in proximity to the catalyst. Importantly, the
activity of our DNA-based catalysts could be repeatedly regulated by
an external stimulus. As protein modification efficiency, substrate
specificity, site-selectivity, and external control over the activity are
four essential features that define enzymatic protein modification,"
our DNA-catalyst constructs are biomimetics of naturally occurring
acylating enzymes. In view of the existence of aptamers for other
proteins,™® we expect that our methodology will become applicable
for other proteins in the future, and will be a valuable addition to
the protein acylation toolbox.
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