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Introduction

Making chemical changes in the molecular framework of pro-
teins by alteration of the corresponding encoding DNA
sequence has resulted in proteins for various specific appli-
cations. Due to the density of functional groups on the surface
of proteins, controlling post-biosynthesis modification of wild-
type or native proteins has only been achieved for a limited set
of proteins.’™ Although finely-tuned chemical agents and pre-
cisely tailored catalytic constructs have yielded approaches that
enable the modification of a selective subset of identical func-
tional groups,>*°® precise control over modification of native
proteins remains challenging, especially within a complex bio-
logical setting such as a cell. Our past studies were directed at
the development of DNAzymes as enzyme mimics for protein
modification,'®** the enrichment of thrombin-binding
aptamer with catalytic moieties that lead to trigger-responsive
site-selective and protein-selective modification,'* and cali-
bration of the modification efficiency and range with respect
to the distance between catalyst and protein.'® So far, however,
it remained to be seen whether complex DNA-based catalytic
nanostructures would also be able to selectively modify a
protein of interest (POI) in the presence of many other
proteins.

In this study, we integrated various elements into novel
catalytic structures that (i) reversibly interact with the target
protein, (ii) enable control over the protein region that is sub-
jected to modification, and (iii) allow this modification to be
performed in the complex mixture of a cell lysate.>'*™* To
achieve this we use the programmable nature of synthetic DNA
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This paper describes the development and performance of catalytic DNA-based nanocranes for the con-
trolled modification of wild-type proteins. We show that the position of the catalyst offers control over
the region of modification, and that reversible interactions between the catalytic structure and thrombin
enable trigger-responsive modification, even in cell lysate.

to construct various DNA-based nanometer-sized cranes to
control modification of native proteins, ideally including exter-
nal control over the site of the protein that is modified (Fig. 1).
We first describe the development of a catalytic tower crane-
like nanostructure that reversibly interacts with the metallo-
protein carbonic anhydrase 2. Then, we describe two complex
DNA-based nanocranes that were designed to control the site
of modification by controlling the position of the catalyst on
the nanocrane structure. Lastly, we describe the application of
those constructs that bind to the protein by means of revers-
ible interactions for the selective modification of thrombin
exogenously added to cell lysate.

Results and discussion
Tower crane for modification of carbonic anhydrase 2

Our first strategy to achieve protein modification by means of
a reversible interaction was the application of an aromatic sul-
fonamide as anchor for the DNA construct to the active site of
the metalloenzyme carbonic anhydrase 2 (CA2)."°"® An aro-
matic sulfonamide binds reversibly to the zinc center in CA2

DNAcatalys(

controlled
rotation

Fig. 1 Schematic depiction of a catalytic DNA-nanocrane for the con-
trolled modification of native proteins. The hot zone indicates the region
that is exposed to catalytic protein modification.
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by displacing the zinc-bound hydroxyl group in the active site.
First, the catalysts, corresponding substrates, and protein
anchors were synthesized from commercially available com-
pounds (see Schemes S1-S3, ESIt). In short, alkyne-functiona-
lized DNA strands were clicked by means of CuAAC to the
corresponding azide-functionalized protein anchor, to pro-
duced DNAu,chor Strand (Fig. 2A), or catalysts, to produce
DNA_acalyse Strands, of which the most active divalent pyridi-
nium oxime (PyOx) is shown (Fig. 2B, see Scheme S4 and
accompanying details in the ESIT for details). Subsequent
hybridization of the anchoring DNA (DNA,chor) Strand with a
catalyst-functionalized DNA (DNA acalyst) Strand, resulted in the
formation of a double-stranded DNA construct designed for
the modification of CA2 (Fig. 2C). For this, we tested the con-
figuration where the catalyst was positioned on the same side
of the dsDNA helix as the anchor, and formed the dsDNA prior
to incubation with CA2.

We used para-nitrobenzylamine-N-acyl-N-sulfonamide as
the alkylated N-acyl-N-sulfonamide (ANANS) substrate for the
PyOx-assisted modification of proximal Lys and Ser residues
(Fig. 2D).">" We found that the dsDNA construct led to 44%
modification of CA2 (DNA: CA2 ratio = 1.9:1, pH 7.2), which
was significantly higher than the background modification of
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Fig. 2 Chemical modification of carbonic anhydrase 2 (CA2) using a
DNA-based nanocrane constructed from DNA, chor and DNAgipyox. A
and B: Synthesis of anchor- and catalyst-functionalized DNA strands. C:
Assembly of the DNA-based catalytic nanostructure from an DNA,chor
strand that contains the metal-binding sulfonamide and a catalyst-con-
taining DNAgppyox strand that contains the acylation catalyst. D:
Chemical modification of CA2 is more efficient in the presence of the
entire DNA nanocrane construct, than when only the catalytic strand is
present. E: CA2 modification in E. coli cell lysate using nitrile-containing
ANANS (R" = CN) only occurred in the presence of the catalytic DNA
nanocrane, even though it was present in the same concentrations in
the other two samples (see Fig. S1 in the ESI).
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6-8% when only the DNAy;p,0x Strand was present (see Fig. S1,
ESIY}). Lastly, we pursued CA2-selective modification in E. coli
cell lysate using a fluorescent lissamine-functionalized ANANS
substrate. We found that incorporation of a nitrile instead of
the para-nitrobenzyl was required to obtain the intended modi-
fication (see ESI, section 3.1.6, Fig. S19,T lanes 5-7 and lanes
12-14). Also, CA2 was modified only in the presence of the
DNAanchor : DNAgipyox dSDNA unit, and not when only the
DNAgipyox Strand was present (Fig. 2E). As expected, imple-
menting the DMAP-thioester combination did not lead to
improved modification (Fig. S20, ESL} lanes 5-7 and lanes
12-14).">'° Due to the observation that the target protein CA2
was only modified when both anchor and catalyst were
present, we found evidence that crane-like DNA-based catalytic
nanoconstructs can be applied for the modification of proteins
in cell lysate.

Following this successful development of a catalytic
protein-modifying DNA construct that binds to the target with
reversible interactions, we pursued to gain a higher level of
control over the site of modification by developing catalytic
constructs that would enable differentiation in the positioning
of the catalyst with respect to the protein. For this, we tested
two designs of the DNA-based catalytic nanostructures that
display crane-like features for the modification of human
alpha-thrombin: (i) a tower crane-type construct that would
enable modification beyond the interface of the two anchor
points (Fig. 3A), and (ii) a gantry crane-type design for modifi-
cation between the anchor points (Fig. 3B).

Tower crane for modification of human alpha-thrombin

The first design that we tested was a tower crane-like construct
of which a primary anchor was covalently attached to the
active site serine (S195) of thrombin, and a secondary anchor
was a non-covalently bound thrombin binding aptamer
(Fig. 3A).>°?> We were particularly interested in a crane-like
nanostructure that would enable thrombin modification
beyond the region between the two anchors, i.e., on the other
side of the protein from the perspective of the secondary
anchor. Having access to two thrombin-binding aptamers, TBA
and TBA3, which bind to opposite faces of the protein, we
would be able to direct the position of the catalyst to two
different areas and to assess the ability to control the sites of
modification. As can be seen in Fig. 3C, a DNA scaffold
(DNAgcafrola) strand was connected sideways to the active site
Ser195 (see Scheme S5, ESIf). One end of this DNAgcafrold
strand was hybridized to a non-covalent binding DNA,chor
strand whereas the other end was functionalized with a variety
of DNAqualyse Strands having the diPyOx catalyst at different
positions. Four different combinations of anchor and catalyst
strands were tested: two DNA,,chor Strands that contained
either the TBA or TBA3, and two DNA_ s Strands that con-
tained the diPyOx catalyst'? at the T6 or at the 5"-end position.
For a TBA3-based DNA tower crane that contained the diPyOx
catalyst at the 5-end of the DNA catalyst strand, which posi-
tions it at the tip of the tower crane construct, conversions

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Development of catalytic DNA nanocranes for the modification of human alpha thrombin (protein is based on the single crystal X-ray struc-
ture of human alpha thrombin sandwiched between two aptamers, PDB-code: 5SEW2).2° A and B: Our two DNA nanocrane designs. C: The results of
two tower cranes in which a covalent anchor is combined with a non-covalent anchor that directs the site of modification. Modified residues are
indicated by the yellow boxes, with residues modified by the DNAgipyox strand alone in red and residues that are additionally modified by the nano-
crane in black. S195 is the active site serine residue that is used for covalent anchoring. D: DNA sequences used for the construction of the gantry
crane; the bridge between the two non-covalent aptamer anchors is shown in red, the complementary strand that contains a diPyOx catalyst at the
5’-end or one of the underlined T's is shown in blue. E: Depiction of exposed Lys and Ser residues on two opposite faces of human alpha-thrombin,
with the two aptamer anchors that are used to install the DNA,jgge to which the DNAyipyox strand is anchored. Filled boxes indicate which gantry
crane led to modification of the corresponding residue (red: >75% localization probability, orange: <75% localization probability, see Table 3). Lys and
Ser residues that are not modified are displayed in stick presentation.

Table 1 Localization probability (%) of modified sites on human alpha-
thrombin (TRM) when exposed to different tower crane designs (>90%
indicates high probability that this residue has been modified)

were 13-14% for the different designs (see section 3.1.2 in the
ESTY).

When the same catalyst was positioned at the T6 position
of the DNA ¢alyst Strand, which is closer to the covalent anchor
after hybridization to the covalently bound DNA,chor Strand,

No crane Tower crane

modification efficiencies increased to approximately 27-31%  Residue T6 5  TBA+T6 TBA+5 TBA3+T6 TBA3+5'
(Fig. S3, ESIf). Analysis of the residues that are modified g3¢ 97 77 g4 33 84 33
reveals that the range of modification is extended to modifi- S36A 50 50 50 50 50
cation of K224 (Table 1 and Fig. 3C) (see also section 3.1.3 in E(l)g 99 220 » 230 ”

the ESIT). In these analyses, localization probability is used to 419 100 100 100 100 100
indicate the likelihood that the mentioned residue is modi- K169 100 99 75 99 76

fied, a score >90% indicates high probability that this residue E;EZD 188 188

has been modified. With the diPyOx catalyst at the 5-end, go40 100 100

modification was restricted to residues on the opposite face of
the protein when compared to the position of the non-covalent

anchor (Fig. 3C, right). Unfortunately, incorporation of the
larger TBA aptamer as secondary anchor did not lead to modi-
fication of residues exclusively on the opposite side of the TBA-

This journal is © The Royal Society of Chemistry 2024

binding site (Table 1 and Fig. S10, S13, ESI{). Notably, in the
absence of the secondary anchor TBA3, the same levels of
modification were obtained, indicating that the presence of a
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second anchor does not improve nor interfere with modifi-
cation efficiency. Lastly, increasing the spacer length between
the second anchor and the dsDNA region of the construct did
not improve conversions (Fig. S4, ESIt). Interestingly, appli-
cation of a triplex-forming oligonucleotide to rigidify the
dsDNA structure did not lead to different conversions (Fig. S3,
ESIT). Therefore, even though this approach does not yield the
same level of modification efficiency than was achieved with
the non-covalent binding crane-like construct for carbonic
anhydrase 2, we found that the regions of modification are
influenced by the design of the catalytic nanocrane.

Gantry crane for the modification of human alpha-thrombin

In order to pursue modification by means of reversible protein
binding, we changed our design to a nanocrane that binds to
the target protein by means of non-covalent interactions.
Specifically, we constructed a DNA-based bridge between two
ends of two thrombin-binding aptamers (TBAs, i.e., TBA and
TBA3) that bind at opposite faces of thrombin. Hybridization
of a variety of catalyst-functionalized DNA acalysc Strands to this
DNAp;igge would result in the formation of a gantry-type crane
(Fig. 3B) (see also section 3.1.4 in the ESI{). Using the
DNApsgge as an encoded scaffold onto which DNAcacaryst
strands can be positioned at different points, we were able to
test if it would be possible to modify different sites of throm-
bin by placing the DNAu¢ayst at different positions (Fig. 3D).
First, we explored the effect of the length of the tether
between anchors and bridge on the conversion by inserting
thymine-spacers of different length (Table 2, and Fig. S15-S17
in ESIf). As maximum conversions to the modified protein
remained low at approximately 15% (our positive control of a
TBAr,-diPyOx system typically led to 70-80% modification
under the same reaction conditions, see Fig. S4 in the ESIf),
we selected three designs for further optimization with the
goal of increasing the conversion percentage (i.e., Ts-DNAp jgge-
Tg, Ts-DNApyiageT11, and Ti;-DNApyigee-Ts, Table 2). For this,
we prepared different DNA acalyse Strands by positioning the
catalyst at different positions (i.e., at the 5’-end, T3, T6, or T10,
see Fig. 3D) (Fig. S17, ESI}). Screening the position of diPyOx

Table 2 Conversion percentages associated to the various gantry
cranes that were used after 5 h incubation with the ANANS 2 substrate

T-tether Catalyst strand

m n 5-End T3 T6 T10
No DNA crane 2 1

5 5 5 14

6 6 9 16

7 7 8 17

3 11 4 12

11 3 9 13

8 8 9 11 21 11
5 11 5 19 21 6
11 5 13 14 24 11
9 9 9 9

6 12 6 12

12 6 10 14
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on the DNA s Strand revealed highest conversions at either
T3 or T6, with conversions of 24% for the T;;-DNAy,jge.-Ts unit
and 21% for the Tg-DNAyige-Ts design (Table 2). Despite
these low conversions — which could not be improved by
implementing the diDMAP-thioester catalyst-substrate combi-
nation (see Fig. S18, ESI{) — we determined the residues that
were modified by the different cranes (Table 2, ESIf). From
this analysis it became clear that both Lys and Ser residues
were modified, and that positioning of the catalyst on the
bridge exposes residues in different region on thrombin to
modification (Fig. 3E).

Not only is a higher number of serine residues modified in
the presence of the crane, application of the cranes led to the
additional modification of nine lysine residues. Interestingly,
exposed lysine residues K60F and K70, which are located in
the substrate binding groove are not modified. The fact that
Lys240 was not modified in the presence of the crane is attrib-
uted to shielding of this residue by TBA3. Lastly, modification
of the active site Ser195 was skipped by some of the gantry
crane designs. These results indicate that the native reactivity
of the residues can be overruled by the nanocranes.

Switchable protein modification in cell lysate

Following the successful application of the CA2-modifying
nanocrane in E. coli cell lysate, we tested the most-active DNA
gantry-type nanocrane for the modification of thrombin (ie.,
Tg-DNApiqge-Ts/T6, abbreviated as ‘8Y8/T6’ in Fig. 4). As refer-
ence, we applied an earlier aptamer-diPyOx construct (TBAr,-
diPyOx), which would also be applicable for in situ switching

Table 3 Localization probability (%) of modified sites on human alpha-
thrombin (TRM) when exposed to a gantry crane that carries the diPyOx
catalyst at different positions (>90% indicates high probability that this
residue has been modified). Residues modified by only the 5'-end
DNAgipyox strand are indicated by the asterisk (*); the one-letter code for
the active site Ser195 is depicted in bold

Catalyst position Gantry sequence

T6
Position diPyOx: 5’ T3 T10
Gantry design: TgYTg TgYTg TgYTg TgYTg Ts5YTy; Ty1YTs
Residue
K9 50 50
K14A 99 99 50
K36* 96 98 97 99 100 91
S36A* 50 50 50 50 50
K81 100 100 100 100 99 100
K87 100
K109 100 100 98 96 99
K110* 100 100 100 100 100 100
K135 61 61 61 61
K145* 100 100 100 100 100 100
S153 100 100 100 100
K169* 98 84 100 83 77 99
K185 100 95 100
K186D 100 100 100 100 100 100
$195 100 100 100 100
K224 100 100 100 100 100
K240*

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Thrombin-selective modification by DNA-based catalytic nano-
structures in E. coli cell lysate (TRM = thrombin; it was present in all
samples run in all lanes). A: Schematic depiction of the ON—-OFF switch-
able thrombin modification by means of an excavator-type TBAr;,-
diPyOx construct and a pair of orthogonally complementary strands.*?
B: Fluorescence image of a gel that indicates thrombin-selective modifi-
cation by gantry nanocrane Tg-DNAg,iqqe-Ts/T6, abbreviated as 8Y8/T6,
is on the same level as that of TBAm-diPyOx,12 the DNAyipyox strand
alone does not lead to modification above background. C: Left: fluor-
escence image of a gel that indicates switching of the activity of the
excavator-type TBAT>-diPyOx nanostructure in cell lysate controls
thrombin-selective modification. Right: Coomassie stain shows similar
levels of all proteins are present in the mixtures.

(Fig. 4A).">* Even though the gantry nanocrane relies on the
hybridization of two DNA strands to form the active construct,
we found that thrombin-selective modification by the gantry
nanocrane was on the same level as that of the single-stranded
TBAr,-diPyOx construct (Fig. 4B, lanes 1 and 2). In the
absence of the gantry DNA, modification of thrombin was not
detected (Fig. 4B, lane 3). Despite the relatively low modifi-
cation efficiency of the gantry crane on the isolated protein, its
performance in cell lysate was as good as that of our best-per-
forming construct (¢f lanes 1 and 2 and Fig. 4B). To assess
switchable protein modification in cell lysate, we focused on
the diPyOx catalyst-functionalized thrombin-binding aptamer
TBAr1,-diPyOx construct that disclosed earlier.'?
Fortunately, we were able to switch the modification activity of
the excavator-type construct TBAr;,-diPyOx ON and OFF
repeatedly, even in E. coli cell lysate (Fig. 4C).

was
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Conclusions

In conclusion, we describe the development of novel DNA-
based crane-like nanoconstructs for protein modification. We
showed that DNA-based nanocranes can use either one or two
non-covalent protein anchors, or a combination of a covalent
and non-covalent protein anchor, to perform chemical protein
modification. Although modest conversions and primitive
levels of control over the sites of modification have been
obtained, it can be expected that a higher level of control over
the nanocrane structure and components will lead to improve-
ment of both aspects. For example, we expect that this can be
obtained by reducing the length of the spacer between the
DNA core and anchor or catalyst, or both, significantly below
the current 19 atoms that are minimally present between DNA
scaffold and the anchor or catalyst. Nevertheless, protein-selec-
tive modification in E. coli cell lysate was achieved by the
gantry nanocrane, and switchable modification was shown
using an aptamer-catalyst construct. As such, this study shows
the development of complex DNA-based nanocrane-like struc-
tures for controlled protein modification, even in the complex
biological mixture of a cell lysate. Although ON/OFF-switchable
activity of the DNA-based nanocranes in cell lysate was not
proven yet, the fact that this was possible for the single-
stranded DNA-based excavator-type construct proves that such
a feature can be installed in catalytic protein modifying DNA
nanostructures.
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