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We report on the rational engineering of the binding interface
of the self-ligating HaloTag protein to generate an optimized
linker for DNA nanostructures. Five amino acids positioned
around the active-site entry channel for the chlorohexyl ligand
(CH) of the HaloTag protein were exchanged for positively
charged lysine amino acids to produce the HOB (halo-based
oligonucleotide binder) protein. HOB was genetically fused
with the enzyme cytochrome P450 BM3, as well as with BMR,
the separated reductase domain of BM3. The resulting HOB-
fusion proteins revealed significantly improved rates in ligation
with CH-modified oligonucleotides and DNA origami nano-
structures. These results suggest that the efficient self-assem-
bly of protein-decorated DNA structures can be greatly im-
proved by fine-tuning of the electrostatic interactions between
proteins and the negatively charged nucleic acid nanostruc-
tures.

The invention of the so-called “scaffolded DNA origami” tech-
nique'™ has opened the door to an almost unlimited variety of
finite DNA nanostructures.” Such objects possess addressable
surfaces that can be decorated with functional units with
a single “pixel” resolution of about 6 nm."! Therefore, DNA ori-
gami nanostructures (DONs) are extensively exploited as mo-
lecular pegboards for the precise positioning of proteins or
nanoparticles.” The use of proteins is particularly promising
because these biomacromolecules have evolutionarily opti-
mized functionalities, such as the capability for specific molec-
ular recognition and catalytic conversion of ligands and sub-
strates."” Arrangements of synthetic multienzyme cascades on
DNA nanostructures, for example, are currently being exploited
as spatially interactive biomolecular networks.""

This research is hampered by the fact that most enzymes
are difficult to immobilize, due to their delicate tertiary struc-
tures, which can easily be harmed by coupling and purification
methods, going along with a decrease in catalytic activity.
Owing to these restrictions, the majority of reports on origami-
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based multi-enzyme assemblies have used stable, commercially
available glucose oxidase (GOx)/horseradish peroxidase
(HRP)'>'9 or glucose-6-phosphate dehydrogenase (G6PDH)/
malic dehydrogenase (MDH)"”! as model cascades. Only a few
reports so far have involved sensitive recombinant proteins,
such as oxidoreductases"®'? or cytochrome P450 BM3 porphy-
rin/reductase domains,"®*” produced by heterologous expres-
sion. Enzymes’ instabilities also limit the possibilities for purifi-
cation of DNA-enzyme constructs. Hence, there is a great
demand for specific and efficient coupling reactions to install
arbitrary proteins of interest (POIs) on DNA nanostructures.

To facilitate site-selective conjugation of proteins with DNA
origami scaffolds under mild conditions, we have previously
developed a methodology based on the genetic fusion of the
POIs with self-labeling protein tags:'*2? that is, the “Snap-
Tag”,”® and the “HaloTag®”.*" In this process, benzylguanine
(BG) or chlorohexane (CH) groups are incorporated as suicide
ligands into DNA nanostructures to facilitate orthogonal bind-
ing of Snap- and Halo-tagged POls, respectively. Although
these systems reveal excellent specificity and are conveniently
applicable, even on a preparative scale,"”?" there is still room
for improvement of coupling efficacies. Specifically, for binding
to DONSs, typical coupling rates of Snap- and Halo-tagged POls
were in the range of 40-60% even though large excesses of
about 100-1000 molar equivalents of POI per suicide ligand
were used."*?"

In the course of these studies we observed that the charges
of the proteins greatly influence the coupling efficacy. Proteins
with lower isoelectric point (pls) bound less efficiently than
those with higher pls, thus suggesting that protein binding is
significantly influenced by electrostatic interactions between
the negatively charged DONs and the POIs."*?"?*) We therefore
reasoned that the coupling might be improved by rational
design of a positively charged interface between the POI's
fusion tag and the negatively charged DNA nanostructure. As
a proof of concept, here we report the development of a Halo-
Tag variant genetically engineered to contain five positively
charged lysine residues at its binding interface (Figure 1). This
new halo-based oligonucleotide binder (HOB) protein can be
readily fused with arbitrary POls. The resulting fusion proteins
reveal significantly improved rates in coupling with CH-modi-
fied oligonucleotides, thereby enabling their fast and efficient
immobilization on DNA origami nanostructures.

To improve the commercially available HaloTag protein, we
initially analyzed the reported X-ray crystal structure (PDB ID:
4KAF) to identify amino acids for exchange for positively
charged residues. It is shown in Figure 1 that the entry channel
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Figure 1. Electrostatic potential of A) the HaloTag protein, and B) the HOB
protein around the active site entry channel, indicated by the colored green
substrate. The HOB protein displays an increased positive charge (blue)
around the channel entrance due to the indicated X—K amino acid muta
tions. The illustrated structures were generated with SWISS MODEL®*?” and
the repairPDB function from FoldX® and are based on the PDB ID: 4KAF;
the substrate was superimposed from PDB ID: 4C6H. The electrostatic po
tential maps were calculated by use of the PDB ID: 2PQR® and APBS web
servers® and visualized by use of the PyMOL molecular graphics system
(version 1.8, Schrédinger, LLC). Numbering is analogous to that of the 4KAF
structure.

leading up to the active site is dominated by a negative elec-
trostatic potential (indicated by red) and contains several glu-
tamic acid residues. We strove to create a patch of positively
charged lysine residues in order to promote electrostatic at-
traction and a preferred binding orientation of the CH group
tethered to the negatively charged nucleic acid. The chosen
mutations were incorporated into the DNA sequence of the
commercially available HaloTag as provided by the manufactur-
er (Promega).

The resulting DNA string for the new HOB protein was syn-
thesized and recloned into the vector pDESTn9-BM3, previous-
ly developed for HaloTag-fusions of the enzyme cytochrome
P450 BM3, as well as the separated reductase domain of BM3,
termed BMR."®? Three vectors were generated for heterolo-
gous expression of the fusion proteins containing the HOB
portion at the N or the C terminus [HOB-BMR and BMR-HOB,
respectively (molecular weights of ~ 100 kDa), as well as BM3-
HOB (MW =~ 158 kDa)]. The fusion proteins were expressed in
Escherichia coli and purified to homogeneity (Figure S1 in the
Supporting Information). Expression yields of 1.3, 1.3, 1.9, and
2.1 mgL™" cell culture were obtained for BMR-HaloTag, HOB-
BMR, BMR-HOB, and BM3-HOB, respectively. Furthermore,
enzyme activity measurements indicated nearly identical cata-
lytic activities of the HOB-fusion proteins, in relation to the
HaloTag fusion enzymes (Figure S2). Interestingly, and for as
yet unknown reasons, all BMR fusions revealed significantly
higher activities than the untagged wild-type enzyme.

To investigate the coupling of CH-modified oligonucleotides
with HOB fusion proteins, the 23-mer oligonucleotides tAm-F1
with terminal 5" and iAm-F1 with internal (position 12) amino-
modified thymine bases (amino-modifier-C6-dT, Sigma) were
used for the attachment of the CH ligand. The internal modifi-
cation served as a simplified model for a DON. The detailed oli-
gonucleotide sequences and coupling procedures are given in
the Supporting Information. Both oligonucleotides were cou-
pled with the amine-reactive N-hydroxysuccinimide (NHS)-acti-

vated CH ligand to generate tCH-F1 and iCH-F1 oligomers,
which were typically obtained in near quantitative yields, simi-
larly to what has previously been described (Figure S3). Similar
results were also obtained for amino-modified DON staple
strands (Figure S4).”" It should be noted, however, that modifi-
cation efficacy depended on the quality of the particular
amino-modified oligonucleotide batch. For instance, we ob-
served that oligomers carrying the amino group at their 3'-
ends showed significantly lower modification yields (=75 %)
than 5-modified oligomers (~85%). Although the obtained
modification efficacies were perfectly acceptable for this study,
we note that routine quality control and, if necessary, subse-
quent purification of the CH-modified oligomers—by HPLC, for
example (Figure S5)—is recommended when optimal yields
are crucial for the anticipated application of DNA nanostruc-
tures decorated with Halo-tagged proteins.

To evaluate the influence of the mutated amino acids, we
then investigated the coupling of tCH-F1 and iCH-F1 oligomers
with HOB-BMR and BMR-HOB, along with the fusion protein
BMR-Halo, containing the conventional HaloTag used in our
previous studies."”?? To this end, the proteins (1.0 um) were
mixed with 1.3 molar equivalents of the oligomers tCH-F1 or
iCH-F1 (1.3 um), and the coupling was followed by gel electro-
phoresis, either with a denaturing SDS-PAGE to visualize the
proteins (Figure 2) or with non-denaturing gels with nucleic
acid staining (Figure S6). Time course experiments indicated
significantly improved reaction rates of HOB-tagged BMR rela-
tive to the conventional BMR-HaloTag fusion. Owing to the low
concentration and almost equimolar reactant ratio, BMR-Halo
showed almost no reactivity under these conditions (Fig-
ure 2A). For comparison, complete conversion was observed
for the BMR-HaloTag in earlier studies in which ~200 molar
equivalents of the protein were used."”?? Importantly, the
coupling of the internally positioned CH ligand (oligomer iCH-
F1) was significantly slower than that of the terminally modi-
fied oligomer tCH-F1 (blue and red points in Figure 2A). We
assume that the different reaction rates of the two oligomers
are due to differences in the electrostatic shielding and/or
steric hindrance of the CH ligand. Notably, no such differences
between iCH-F1 and tCH-F1 were observed upon coupling
with the HOB fusions, in which reactions were completed in
about 30 or <15 min for the BMR-HOB and HOB-BMR fusions,
respectively. Kinetic analyses (Figure S6) revealed relative in-
creases in velocity of approximately 1:5:20 for BMR-HaloTag,
BMR-HOB, and HOB-BMR, respectively, and second-order rate
constants significantly lower than the value previously deter-
mined for the coupling of GST-HaloTag with the small-mole-
cule ligand TMRE" We assume that this difference is due to
the much smaller size of the TMR ligand along with the lack of
electrostatic repulsion. The relative kinetic data for BMR-Halo-
Tag and the HOB proteins are in agreement with the changes
in the isoelectric point (pl) values (HaloTag=4.6, HOB=5.4,
Figure S6). However, these calculated global pl values repre-
sent the entire protein tag and do not take into account the
local accumulation of positive charges engineered into the mi-
croenvironment around the entry channel of our HOB protein.
The faster reaction rate for the N-terminal fusion HOB-BMR
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Figure 2. Binding of A) BMR HaloTag, B) BMR HOB, and C) HOB BMR with 22 mer oligonucleotides tCH F1 (red) or iCH F1 (blue), bearing the CH ligand (green)
at the terminal 5’ or an internal thymine base position, respectively. The reactions were carried out with 1.0 um protein and 1.3 pm oligonucleotide concentra
tions for variable times, indicated on top of the gels (12% SDS PAGE; M stands for Thermo Scientific PageRuler prestained protein ladder, and P stands for
protein only). The formation of protein:DNA conjugates was quantified by densitometric analysis, and percentage of coupling was plotted against the reac

tion time. Note the different scale of the y axis in A).

might be due to better accessibility of the CH ligand entry
channel (Figure S7). Despite its lower reactivity, we chose the
C-terminal fusion BMR-HOB for further experiments, due to its
higher purity and to enable direct side-by-side comparison
with BMR-HaloTag.

On the basis of the results obtained from oligonucleotide
coupling, we tested the binding of BMR-HOB to a rectangular
~54 x ~91 nm? DNA origami nanostructure, which was as-
sembled from the single-stranded 5438 nt template 109Z5.5% It
contained six binding sites located at distinguishable positions
(B1-B6) on the rectangular plate (Figure 3; for a schematic il-
lustration, see Figure S11A). The DON (50 nm) was mixed with
the proteins, with use of either one or three molar equivalents
with respect to the six CH binding sites, and samples were
taken after 15, 60, and 120 min for AFM analysis and statistical
evaluation of the images (Figure 3). As expected, surface occu-
pancies increased over time. Prolonged incubation times (>
2 h) were avoided, to prevent detrimental effects on the enzy-
matic activity."”

Coupling of 1 equiv of either BMR-HOB or the conventional
BMR-HaloTag led to average surface occupancies of 31% or
only 5%, respectively (Figure 3A,B), thus clearly indicating the
superior binding properties of the engineered HOB. Further-
more, binding of 3 equiv of BMR-HOB led to a surface occu-
pancy of almost 80% (Figure 3 C). This result is outstanding be-
cause 80 molar equivalents of BMR-Halo were required in pre-
vious work to attain surface occupancies of only ~26%." It is
important to note that the modification of CH-tagged DONs
with only 3 equiv of proteins (Figure 3C) enables the direct
AFM imaging of crude samples without the necessity of exten-
sive purification by ultrafiltration®" or free-flow electrophoresis
(see also Figure S8)."" As a potential means to minimize ad-
verse effects on the enzymatic activity, we also determined
how a lower incubation temperature would influence the cou-
pling efficacy. Specifically, when the coupling of the DON with

3 equiv BMR-HOB was carried out on an ice bath, we observed
about half of the surface occupancy that was obtained at
room temperature (40 vs. 80 %, respectively, Figure S9).

Additional experiments carried out with the large HOB-
tagged BM3 holoenzyme revealed surface occupancies of 34%
(Figure 3D) or 70% (Figure S10) when 1 or 3 molar equivalents,
respectively, of the protein were allowed to bind on the DON.
These results confirm the data obtained for binding of the
smaller BMR-HOB and suggest that the immobilization of these
fusion proteins is indeed primarily dominated by electrostatic
interactions rather than by steric effects. Interestingly, we also
found that coupling efficiency could not be improved by in-
stallment of two CH ligands in close proximity at directly ad-
joining positions of the origami (Figure S11). We expected that
the increased local concentration of two adjacent ligands
would increase coupling rates and compensate for missing CH
groups due to incomplete chemical conversion (see above).
However, neither HOB- nor HaloTag-tagged protein binding
was significantly affected, thus suggesting that the additional
synthetic effort necessary for introducing pairs of ligands is not
paying off in terms of high protein binding capability of the
DON.

In conclusion, here we have demonstrated the rational engi-
neering of the binding interface of a self-ligating protein to
generate an optimized linker for DNA nanostructures. Positive-
ly charged amino acids were incorporated around the active-
site entry channel of the chlorohexyl ligand (CH) of the Halo-
Tag protein to produce the HOB protein, which can be readily
fused with arbitrary proteins of interest. The resulting HOB-
fusion proteins revealed significantly improved rates in the li-
gation with CH-modified oligonucleotides and DNA origami
nanostructures. Notably, the simplicity and general applicability
of our approach has advantages over site-specific methods to
improve protein loading of DONSs, such as the fusion of Snap-
tagged POIs with a zinc finger motif.?® On the basis of our ini-
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Figure 3. Decoration of DNA origami nanostructures. The bar diagrams show the average surface occupancies and the distributions of all structures with
N=0, 1, 2, 3,4, 5 and 6 protein molecules per well formed DON, determined by AFM analysis after incubation for 15 min (blue), 60 min (red), or 120 min
(green). Typically >500 DONs were counted for each experiment and time point. The insets show representative AFM images after 120 min reaction time;
scale bars: 100 nm. Average surface occupancies (% of available CH groups covered with proteins) are indicated below.

tial results, we believe that engineering of electrostatic interac-
tions is highly promising for further advancement of the gen-
eration and exploitation of protein-decorated DNA origami
nanostructures in, for instance, the area of synthetic multien-
zyme cascades and other spatially interactive biomolecular net-
works™ or as functional interfaces for living cells.*"
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