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Abstract: The positioning of enzymes on DNA nanostructures
for the study of spatial effects in interacting biomolecular
assemblies requires chemically mild immobilization proce-
dures as well as efficient means for separating unbound
proteins from the assembled constructs. We herein report the
exploitation of free-flow electrophoresis (FFE) for the purifi-
cation of DNA origami structures decorated with biotechno-
logically relevant recombinant enzymes: the S-selective
NADP'/NADPH-dependent oxidoreductase Gre2 from
S. Cerevisiae and the reductase domain of the monooxygenase
P450 BM3 from B. megaterium. The enzymes were fused with
orthogonal tags to facilitate site-selective immobilization. FFE
purification yielded enzyme—origami constructs whose specific
activity was quantitatively analyzed. All origami-tethered
enzymes were significantly more active than the free enzymes,
thereby suggesting a protective influence of the large, highly
charged DNA nanostructure on the stability of the proteins.

The so-called “scaffoldled DNA origami” technique,!!
wherein a long single-stranded DNA (ssDNA) scaffold is
folded into any desired shape by the aid of short synthetic
“staple-strand” oligonucleotides, gives ready access to an
unlimited variety of finite DNA nanostructures.*! Since
these objects possess an addressable surface area of a few
thousand square nanometers with a “single-pixel” resolution
of about 6 nm,) DNA origami structures are currently being
exploited as molecular pegboards for the precise positioning
of molecular and colloidal components, such as proteins,
nanoparticles, and analytical probes.*® The assembly of
proteins on DNA nanostructures is particularly promising
because these macromolecules reveal intrinsic, evolutionarily
optimized functionality, such as capability for specific molec-
ular recognition and the catalytic conversion of ligands and
substrates.'”! For example, arrangements of synthetic multi-
enzyme cascades on DNA nanostructures are currently being
exploited as spatially interactive biomolecular networks.'!! In
the majority of these reported studies, commercially available
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glucose oxidase (GOx)/horseradish peroxidase (HRP) served
as the model cascade'> Additional complexes were
assembled from commercial glucose-6-phosphate dehydro-
genase (G6PDH)/malic dehydrogenase (MDH)!' or from
recombinant NAD(P)H:FMN oxidoreductase/luciferase!™ or
cytochrome P450 BM3 porphyrin/reductase domains!"! pro-
duced by heterologous expression.

Proteins are notoriously difficult to immobilize because
instable tertiary structures often result in a significant ten-
dency for denaturation and thus loss of activity. Therefore, to
enable significant coupling efficiency and the production of
enzyme-decorated DNA nanostructures with appreciable
catalytic activity, the installment of enzymes on DNA nano-
structures requires chemically mild coupling procedures as
well as the use of a stoichiometric excess of enzymes. This
strategy has the drawback that remaining unbound enzymes
have to be removed to avoid artifacts in the determination of
the specific activity of the multienzyme-DNA construct.
Although the removal of free proteins is possible by ultra-
filtration or chromatography,'®!”! this approach seems to be
limited to constructs obtained from stable proteins and
relatively small DNA nanoscaffolds. For example, the group
of Hao Yan recently demonstrated the purification of active
enzyme complexes bearing DNA double-crossover and 4 x 4
tiles.'? However, our own studies indicated that BM3
porphyrin/reductase domains organized on simple double-
helical scaffolds were insufficiently stable to undergo purifi-
cation.”! As an alternative, the separation of DNA origami
scaffolds containing GOx and HRP model enzymes by the use
of Ni-NTA-based affinity tags has been described.”” How-
ever, this method is not always applicable because many
biotechnologically relevant enzymes bear hexahistidine or
other affinity tags themselves, and these tags would interfere
with affinity separation. Hence, there is a great demand for
broadly applicable methods in which chemoselective coupling
techniques are combined with efficient means of purification
of large DNA scaffolds bearing arrangements of active
enzymes.

We herein report the exploitation of free-flow electro-
phoresis (FFE)®"* for the purification of rectangular DNA
origami structures decorated with biotechnologically relevant
enzymes through chemo- and site-selective protein-DNA
coupling methods. In particular, we used the S-selective
NADP*/NADPH-dependent oxidoreductase Gre2 from Sac-
charomyces Cerevisiae, a versatile biocatalyst for the stereo-
selective reduction of carbonyl compounds,®! as well as the
reductase domain BMR of the monooxygenase P450 BM3
(CYP102A1) from Bacillus megaterium, which has been
applied for the synthesis of drug metabolites and precursors
of artemisinin and paclitaxel.”" To facilitate the site-selective
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conjugation of Gre2 and BMR with
DNA origami scaffolds under mild
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ure S1 in the Supporting Informa-
tion). Benzylguanine (BG) and

chlorohexane (CH) groups were
incorporated as suicide ligands into
DNA origami to facilitate binding of
the Snap- and Halo-tagged enzymes.
Detailed information and experi-
mental protocols can be found in
the Supporting Information. We also
explored, for the first time, the
installment of biotin-streptavidin
(STV) bridges on DNA origami for
the selective immobilization of SBP-
tagged Gre2. Subsequent to assem-
bly, FFE-based fractionation ena-
bled the efficient purification of
active enzyme-—origami structures,
as demonstrated by enzyme-specific
activity assays.

To explore site-selective decora-
tion and the suitability of FFE pu-
rification of large protein-decorated
DNA origami structures, a DNA
origami object was assembled from
the single-stranded 5438 nucleotide template 109Z5.7% The
resulting DNA origami contained six binding sites located at
distinguishable positions (B1-B6) on the approximately 54 x
91 nm? rectangular plate (Figure 1 A). As an initial test, biotin
groups installed in positions B4-B6 were used to capture STV
molecules, applied in 80-fold molar excess to the origami
(42nm in 100 uL of TE-Mg buffer). After incubation for
120 min, the crude reaction mixture was fractionated by FFE.
The FFE system consists of two parallel plates, which create
a separation chamber in which the sample is transported
within a thin film of the aqueous medium under laminar-flow
conditions. A high-voltage electric field applied perpendicu-
lar to the laminar flow deflects charged particles, thereby
enabling their separation and fractionation into wells of
a microtiter plate. UV/Vis absorbance measurements of
fractions with a microplate reader, followed by plotting of
the measured values against the fraction number, leads to
a reconstructed chromatogram in which peaks indicate
separated species (Figure 1B). Gel electrophoretic analysis
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Occupancy ca. 60%

Figure 1. Streptavidin-decorated DNA origami structures. A) Origami design with six binding sites.
In this experiment, only sites B4—B6 contained biotin groups. B) Absorbance measured at 260 and
280 nm of sample fractions collected after FFE separation. C) SDS-PAGE analysis (NuPAGE Novex
4-12% protein gel) of representative fractions visualized by silver staining. Samples were not
boiled; therefore, the tertiary structure of STV, visible as a broad band in fractions 68 and 70 at
approximately 70 kDa, was left intact. The DNA origami nanostructures showed a slight electro-
phoretic mobility in the upper (ca. 4%) region of the gel, as indicated by the respective bands in
fractions 44-48 (red circles), visible at higher contrast in the magnified image above the gel. The
crude reaction mixture and the SeeBlue Plus2 prestained standard (Invitrogen) were applied in
lanes S and M, respectively. The size of marker bands is given in kDa. D) This 1% agarose gel
confirms that DNA nanostructures were only present in fractions 44-48. E) This 1% agarose gel
shows the presence of staple stands and folded origami structures in fractions 42 and 46,
respectively, as well as the single-stranded 109Z5 template (lane SS; lane M: GeneRuler DNA
Ladder Mix). F) Representative AFM image of STV-decorated DNA origami structures present in
fraction 47. Scale bars are 100 and 20 nm for overview and zoom-in images, respectively.

of fractions (Figure 1C,D) indicated the separation of staple
strands, DNA origami structures, and free protein (peaks I-
III in Figure 1B, respectively). AFM analysis of fraction 46
revealed the presence of intact and pure STV-decorated DNA
origami structures. Statistical analysis indicated that 60 % of
the biotin binding sites were occupied by STV molecules.
Importantly, no damaged origami structures were observed,
thereby suggesting that FFE purification does not exert
significant mechanical stress on the fragile protein-DNA
nanostructures.

We then tested FFE for the purification of DNA origami
structures decorated with recombinant enzymes (Figure 2). In
a first set of experiments, DNA origami containing BG or CH
groups at positions B4-B6 (Figure 1A) was treated with
a 260-fold molar excess of Gre2-Snap (Figure 2A) or Gre2-
Halo (Figure 2B) fusion proteins, respectively. FFE separa-
tion of the reaction mixture led to the fractionation of DNA-
and protein-containing samples, as determined by electro-
phoresis with either DNA- or protein-specific gels and
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Figure 2. Purification and characterization of DNA origami scaffolds decorated with the recombinant
enzymes A) Gre2-SNAP, B) Gre2-Halo, C) BMR-Halo, and D) Gre2-SBP. In each case, the absorbance of
relevant FFE fractions at 260 and 280 nm is shown in the main graph, and an inset shows the absorbance
for the entire set of fractions. The red bars underneath the absorbance curves indicate the specific reaction
velocity determined for the individual fractions (see the Supporting Information). In each case, the fraction
displaying highest activity is marked with an asterisk. The electrophoretic detection of DNA (D) and proteins
(P) in the fractions is shown below each graph in the relevant portions of agarose and SDS-PAGE gels,
respectively. No free protein was visible in the fractions containing origami (see also Figure S2-54). Gel
electrophoresis was carried out as described for Figure 1. Representative AFM images of enzyme-decorated
DNA origami structures are shown below the images of the gels (scale bars: 20 nm). Surface occupancies
were in a similar range to that previously observed for the Snap- and Halo-tag-based conjugation of enzymes
onto DNA origami structures.”! The height measurements shown at the bottom of (D) indicate bound Gre2
through elevated height (about 6 nm) as compared to that observed for STV alone (ca. 2 nm) or unmodified

DNA origami structures (ca. 1 nm).

staining procedures (images labeled as D or P, respectively, in
Figure 2). In particular, origami constructs were found in
fractions 31-34 or 37-44, whereas unbound protein was found
in fractions 51-56 or 48-57 of Snap- or Halo-fusion constructs,
respectively (see Figure S2).

All fractions which contained protein were analyzed for
enzymatic activity by measuring the initial reaction velocities
of Gre2-catalyzed NADP* reduction to NADPH. To obtain
a quantitative measure for specific activity (red bars in
Figure 2), we normalized reaction velocity data against the
amount of protein in the fractions. To this end, the protein
concentration was determined from UV/Vis spectroscopic
measurements in the case of samples containing protein only
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Similar experiments were
carried out for the binding of
BMR-Halo on DNA origami
(Figure 2C). Gel electropho-
retic analysis confirmed that
fractions containing origami
constructs  (32-39, peakI)
were indeed baseline sepa-
rated from unbound BMR
(fractions 44-52,  peak III)
upon FFE fractionation. The
highest specific enzyme activ-
ity was found in fractions 36—
39, as determined by the
NADPH-dependent reduc-
tion of cytochrome C (CytC; see the Supporting Informa-
tion). Despite the use of the same coupling protein, surface
occupancy was significantly lower than that observed for
Gre2-Halo (24 versus 68 % ). We reason that this difference is
a consequence of the lower isoelectric point (pI) of BMR
(p1=5.02) as compared to Gre2 (pI=5.86). We had pre-
viously observed that proteins with lower pl values bind less
efficiently than those with higher pl values, presumably as
a result of higher electrostatic repulsion between the proteins
and negatively charged origami.l*!

We also tested the immobilization of SBP-tagged Gre2
through biotin—STV bridges on the DNA origami. To this end,
biotin groups installed at positions B4-B6 (Figure 1 A) of the
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origami were exposed to STV
(80 molar equivalents), and
the mixture was purified by
FFE and subsequently incu-
bated with an 80-fold molar
excess of the Gre2-SBP pro-
tein. Gel electrophoresis indi-
cated that FFE fractions 42-50
contained origami constructs
that were baseline-separated
from unbound Gre2-SBP
(fractions 60-68, peak III in
Figure 2D). The Gre2 enzy-
matic activity found in frac-
tions 45-50 (orange bars),
together with the AFM anal-
ysis of origami structures from
fraction 45, provided clear
evidence that the noncovalent
coupling of Gre2-SBP had
occurred in the expected
manner.

We then used the above-
described coupling and sepa-
ration techniques for the con-
struction and characterization
of an enzyme cascade contain-
ing Gre2-Snap and BMR-
Halo installed on DNA ori-
gami (Figure 3). In this cas-
cade, Gre2-catalyzed NADP*
reduction yields NADPH,
which is used for the BMR-
catalyzed reduction of cyto-
chrome C (Figure 3A). The
origami bearing BG and CH
affinity ligands was treated
with a mixture containing
a 120-fold molar excess of
each of the two orthogonally
tagged enzymes. Samples
obtained upon FFE fractiona-
tion were analyzed by absorb-
ance measurements  (Fig-
ure 3B), electrophoresis (Fig-
ure 3C,D), AFM (Figure 3E),
and enzyme-activity assays
(Figure 4 A). Similarly to the
previous examples, electro-
phoretic analyses confirmed
the baseline separation of ori-
gami constructs (fractions 33—
40) and unbound proteins
(fractions 41-48) upon FFE
fractionation. Analysis of the

enzymatic activity indicated that fractions 33-39 contained
the origami—-Gre2/BMR cascade systems. Owing to positional
encoding and the larger size of BMR as compared to Gre2
(101.6 and 60.8 kDA, respectively), unambiguous identifica-
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Figure 3. Enzyme-cascade complex of Gre2-Snap and BMR-Halo on DNA origami. A) Schematic drawing of
the enzyme cascade and the activity assay. B) Absorbance of relevant FFE fractions at 260 and 280 nm (the
inset shows the absorbance of the entire set of fractions at these wavelengths). The red bars indicate the
specific reaction velocity determined for the individual fractions (see Table S5 in the Supporting Information).
C) Silver-stained 16 % SDS-PAGE gel indicating the presence of unbound protein in fractions 41-46. Marker
bands are given in kDa; bands of Gre2-Snap and BMR-Halo are indicated by a green and a red arrow,
respectively; the bands at a molecular weight of approximately 35 kDa presumably stem from degradation
products of an enzyme. D) Agarose-gel analysis indicating the presence of origami in fractions 33-40. Lane M:
GeneRuler DNA Ladder Mix. E) AFM images of immobilized Gre2-Snap and BMR-Halo bound to positions
B1-B3 and B4-B6, respectively, on DNA origami. The white arrows mark the loop of the DNA origami
structures. Scale bars are 100 and 20 nm for overview and zoom-in images, respectively.

A) Gre2-SNAP + BMR-Halo B) Gre2-Halo C) Gre2-SNAP D) BMR-Halo
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Figure 4. Comparison of reaction velocities determined for origami-tethered enzymes (green bars) as
well as free enzymes (blue bars), freshly prepared (0 h) or incubated for 2.5 h. For NC =negative control,
the sample contained buffer only. A) Gre2-SNAP/BMR-Halo cascade; B) Gre2—Halo; C) Gre2-SNAP;

D) BMR-Halo. The negative values observed in (A) for samples containing free enzymes as well as for
the negative control stem from the decrease in CytC absorbance over time owing to the autooxidation of
CytC in air, a phenomenon typically observed in the CytC reduction assay?®! (see also original data in
Figure S9).

tion of the two proteins was possible by AFM analysis of the
purified constructs (Figure 3 E). Statistical evaluation showed
surface occupancies of 49 and 63 % for Gre2-Snap and BMR—-
Halo, respectively. We speculate that the higher occupancy of

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 6745-6750


http://www.angewandte.org

BMR-Halo than in the single-enzyme-binding experiments
(Figure 2C) could be due to favorable protein—protein
interactions in this cascade arrangement.

To assess the enzymatic activity of the purified origami-
scaffolded Gre2/BMR cascade we determined specific activ-
ities, for which the observed initial reaction velocity was
normalized in each case against the amount of enzymes
present in the sample (see the Supporting Information). This
approach enabled direct comparison of the activity of
origami-tethered enzymes with that of controls prepared
from identical amounts and concentrations of free enzymes
(Figure 4). The activity of the controls was either measured
immediately after preparation or after incubation for 2.5 h,
the typical time period needed for coupling and FFE
separation of the enzyme-origami constructs (bars labeled
as 0 or 2.5h, respectively, in the histograms in Figure 4).
Strikingly, no activity was measured in the controls containing
free Gre2-Snap and BMR-Halo enzymes, whereas significant
activity was clearly observable in the case of the origami-
scaffolded cascade (Figure 4 A; see also Figure S9). Indeed,
this increased activity was expected from previous reports and
can be explained by spatial proximity effects enabling a faster
diffusive transport of the intermediate (in this case NADPH)
between cascaded enzymes.""*! However, similar controls
carried out with the two individual enzymes also revealed
a significantly increased activity of the origami-tethered
enzymes as compared to free enzymes in solution (Fig-
ure 4B-D). Taking into account that all controls lose
significant activity upon incubation (compare the data
recorded at 0 and 2.5h), we speculate that a plausible
explanation for this phenomenon is that the large, highly
charged DNA nanostructure protects the enzyme against
denaturation, for example, upon physisorption on the surface
of the reaction vessel. Notably, the protective influence of
DNA nanostructures needs to be taken into account when
DNA-cascaded enzymes are studied on a quantitative level.

In conclusion, we herein demonstrated, for the first time,
that free-flow electrophoresis (FFE) is very well suited for the
purification of enzyme-decorated DNA origami structures.
Alternative methods, such as agarose-gel electrophoresis,
HPLC, ultrafiltration, dialysis, or rate-zonal centrifugation,m
require relatively long processing times of at least 1-3 h and/
or exert chemical and mechanical stress on the large and
fragile protein—-DNA nanostructures. In contrast, FFE is fast
(ca. 10-15 min), proceeds under mild physicochemical con-
ditions, and led to pure and active enzyme—origami constructs
that were isolated in good yields of typically 50-70%.
Moreover, FFE offers numerous approaches for the further
improvement of separation efficiency through optimization of
the pH value, ion strength, and viscosity of buffers, the use of
alternative separation techniques, such as zone electropho-
resis and isoelectric focusing, or miniaturization of the
system.”>%?l Hence, specific optimization might even enable
the separation of distinctive protein-DNA nanostructure
species in the future. In the initial exploitation presented
herein, the mildness and velocity of FFE enabled us to
quantify the specific activity of enzyme-origami constructs
that were not biased by free, unbound proteins. In all cases, we
observed that the activity of enzymes coupled to origami
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structures was greater than that of the free enzymes. These
findings suggest that the DNA nanostructure has a general
protective influence on the stability of tethered proteins.
Moreover, our study emphasizes the practical relevance of
chemoselective coupling techniques for the site-specific
arrangement of biotechnologically relevant, recombinant
enzymes through genetically fused tags. In addition to the
use of Snap- and Halo-tagged proteins,®’ the utility of the
SBP tag extends the toolbox for this approach. We believe
that the methods described herein provide a sound basis for
further quantitative assessment of arrangements of synthetic
multienzyme cascades on DNA nanostructures and other
spatially interactive biomolecular networks.!'!]

Keywords: DNA nanostructures - enzymes -
free-flow electrophoresis - purification methods - self-assembly
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