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Abstract: Building upon DNA origami technology, we
introduce a method to reconstitute a single membrane protein
into a self-assembled DNA nanobarrel that scaffolds a nano-
disc-like lipid environment. Compared with the membrane-
scaffolding-protein nanodisc technique, our approach gives
rise to defined stoichiometry, controlled sizes, as well as
enhanced stability and homogeneity in membrane protein
reconstitution. We further demonstrate potential applications
of the DNA nanobarrels in the structural analysis of membrane
proteins.

M embrane proteins are proteins integrated in the surface
membrane of either cells or intracellular organelles. They play
important roles in many fundamental biochemical processes,
e.g., cellular signaling, ion transport, catalysis, metabolism,
photosynthesis and cell adhesion.! Over 50% of all modern
medicinal drugs were found to target membrane proteins.!
Compared with soluble proteins, investigating the structures
and functions of membrane proteins is generally challenging
because it is difficult to maintain appropriate conformations
of membrane proteins due to their reliance on the lipid
bilayer environment and their poor stability and solubility
upon removal from the cellular membrane.” Though several
methods, including nanodiscs and liposome reconstitution,
have been exploited to stabilize membrane proteins,>¥ the
utility of these systems for structural studies has been limited
by the heterogeneity in sizes and the number of membrane
proteins reconstituted to each nanodisc or liposome. During
the last few decades, DNA nanotechnology has been well
developed with its ability to form designed complex structures
with precise control over nanoscale features in both static and
dynamic ways.! DNA nanotechnology has also been success-
fully applied to manipulate molecules, nanoparticles and
proteins, which demonstrated its potential applications in
molecular and material sciences.”! Here, taking advantage of
the precisely programmable properties of DNA nanotechnol-
ogy, we designed a DNA origami nanobarrel structure
scaffolding a nanodisc-like lipid environment for controlled
reconstitution of single membrane proteins.
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Based on the principles of DNA origami construction,®
a DNA nanobarrel was designed with the dimensions of
approximately 20x20x 30 nm (Figure 1a, Figure S1 in the
Supporting Information). An opening of 10 x 10 x 15 nm and
another opening of 5x5x15nm were introduced into the

‘J?I L%

1l

\ | Dlaly3|s
- il

Lipid-modified
DNA nano-barrel / -

N

7
/{ Il
~
\ ENR
,\._/ ~
’r—l}k
NN

il

DNA nano-barrel (interior view)

1
1 Kow
W

Reconstituted DNA nano-barrel o6

Figure 1. Reconstitution process: a) Different views of the design of
the DNA nanobarrel with a central pore. The sequence design diagram
is provided in Figure S1. Note that the exact end of the nanobarrel is
not flat. Some short single strands were left at the end to avoid the
aggregation of the DNA nanobarrel. These single-stranded spacers at
the boundaries are not displayed in the schematic. b) The interior view
of the DNA nanobarrel. Twelve ssDNA overhangs were introduced
inside the nanobarrel for further hybridization with lipid-modified
DNA. c) Reconstitution of a-hemolysin into the DNA nanobarrel
through lipid—protein interaction following detergent removal. After the
lipid molecules were anchored into the DNA nanobarrel, the
a-hemolysin was incubated with the lipid-modified DNA nanobarrel.
The reconstitution process was realized through dialysis against the
buffer without the detergent.

nanobarrel at the top and the bottom, respectively. Thus, an
inner channel was expected to form as illustrated in Fig-
ure 1b. The detailed sequence design of staple strands and the
annealing procedure are provided in Table S1 and Methods in
the Supporting Information, respectively. Note that the
channel size can be readily tuned for different sizes of
membrane proteins through re-programming of DNA nano-
structures.”) Twelve single-stranded DNA (ssDNA) over-
hangs were left inside the DNA nanobarrel (Figure 1b),
whose complementary strands were covalently conjugated to
lipid molecules. The lipid molecules were anchored inside the
nanobarrel through hybridization between the ssDNA over-
hangs and lipid-modified DNA (lipid-DNA) (Figure 1c).
Prior to the hybridization, 2 % octylglucoside (OG) detergent
was introduced into the system to avoid detrimental aggre-
gation of the lipid-DNA; then, the membrane protein was
introduced to the system. The reconstitution was realized
through a detergent removal procedure as illustrated in
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Figure 1c, in which the mixture of detergent-solubilized
membrane protein, lipid-DNAs and DNA nanobarrels was
dialyzed against a large reservoir of external buffer without
the octylglucoside (OG) detergent.

After the annealing procedure, the self-assembled DNA
nanobarrel was further purified by the polyethylene glycol
(PEG) precipitation assay.! The formation of the DNA
nanobarrel was confirmed by both agarose gel electrophoresis
and transmission electron microscopy (TEM). In the agarose
gel, a sharp band was observed after the annealing procedure,
indicative of the formation of the nanobarrel assemblies
(Figure S2). Using negative staining by uranyl formate, TEM
images showed the designed cubic barrel geometry with
a central channel (Figure 2a). Through single-particle image
alignment and averaging,® the reference-free 2D class
averages of over 1000 particles provided clear details of the
DNA nanobarrel structure and the formation of the central
channel (inset to Figure 2 a, Figure S3). These results suggest
that the DNA scaffold was self-assembled as expected.

To examine the feasibility of membrane protein recon-
stitution into the lipid-DNA nanobarrel, we chose a model

Figure 2. Negative-stain TEM analysis of the reconstitution process.
a) TEM image of the designed DNA nanobarrel and a typical 2D class
average image (right inset). As indicated by the arrow, the central
channel was formed as designed. b) After a-hemolysin was reconsti-
tuted into the DNA nanobarrel as illustrated in Figure 1, the TEM
image of the reconstituted DNA nanobarrel and its typical 2D class
average image are displayed here. The feature of the protein was
clearly observed as indicated by the arrow. c) The same experiment as
in (b) was performed except that the a-hemolysin protein was not
introduced. After the dialysis, the lipids inside the DNA nanobarrel
aggregated into a micelle-like raft structure so that only a small
spherical density can be observed in both the TEM image and its 2D
class average. d) The DNA nanobarrels deprived of ssDNA-conjugated
lipids were incubated with the a-hemolysin. After the same dialysis
procedure, the protein was not reconstituted into the DNA nanobarrel
as indicated by the arrow. In all panels, the scale bar is 50 nm.
Dimension for the square of the 2D class averages is 39.1 nm.

www.angewandte.org

Communications

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

protein a-hemolysin, which is a typical integral membrane
protein well known for its important role in bacterial patho-
genesis.”) Seven monomers of a-hemolysin contribute to the
formation of a barrel architecture with a 14-A pore inside.
The diameter of the outer domain of the oa-hemolysin
complex is ~ 10 nm, which fits the dimensions of the designed
lipid-DNA nanobarrel. After the reconstitution, due to
selective molecular filtration through the dialysis membrane,
OG molecules were diluted into the reservoir buffer and thus
largely removed from the lipid-DNA/protein mixture,
whereas both lipid-DNA nanobarrels and proteins were
retained in the reconstitution system. Without the solubilizing
effect of the OG detergent, the hydrophobic surface of the a-
hemolysin transmembrane region should favor association
with the hydrophobic tail of the lipid molecules in the DNA
nanobarrel. Eventually, individual oa-hemolysin complexes
are expected to be captured by the DNA nanobarrel with
a 1:1 stoichiometry. The reconstituted nanobarrels were
further purified by glycerol gradient ultracentrifugation to
remove the excess protein aggregates.[m]

To verify the reconstitution of a-hemolysin into the DNA
nanobarrels, we used negative-stain TEM to visualize the
supramolecular structures. In contrast to an empty channel in
the DNA nanobarrel before the reconstitution procedure
(Figure 2 a), there was obvious additional density observed in
the channel of the a-hemolysin-reconstituted DNA nano-
barrels, as visualized in the corresponding 2D class averages
of single-particle images (inset to Figure 2b and Figure S4).
From the top view of the reconstituted nanobarrel, a spherical
ring in the nanobarrel was observed, reminiscent of the homo-
heptameric (3-barrel structure of a-hemolysin. The shape and
size of this additional density closely match the structure of
a single a-hemolysin complex, indicative of a successful
reconstitution. No empty DNA nanobarrels were observed by
2D classification analysis on the negative-stain TEM images,
suggesting a high efficiency of reconstitution. To further
verify that the internal features arise from the reconstituted
membrane protein but not the assembly of either detergents
or lipid molecules, the detergent-removal experiment was
repeated under the same conditions without a-hemolysin. In
the resulting 2D class averages from negative-stain TEM,
only a much smaller density was seen inside the nanobarrel
(Figure 2c, Figure S5). This density lacked the features of a-
hemolysin, and may be attributed to the formation of
a nanoscale lipid assembly anchored inside the DNA nano-
barrel via the ssDNA-conjugated lipids. In another control
experiment, the DNA nanobarrels deprived of ssDNA-
conjugated lipids were incubated with the a-hemolysin. As
expected, these lipid-deprived DNA nanobarrels appeared
empty, without the density associated with oa-hemolysin
(Figure 2d, Figure S6). These results indicate that the
ssDNA-conjugated lipid molecules are responsible for the
success of membrane protein reconstitution.

To demonstrate the versatility of our strategy, another
integral membrane protein, trimeric envelope glycoprotein
(Env) from the human immunodeficiency virus type 1 (HIV-
1), was also reconstituted into the DNA nanobarrels
through a detergent removal procedure (Figure S7). After
the reconstitution, similar results were obtained (Figure S8
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and S9). There was obvious additional density inside the
DNA nanobarrel corresponding to the Env proteins as
compared with the empty DNA nanobarrels. This result
supports that our reconstitution strategy is not specific to
a given membrane protein, and should be generally applicable
to other membrane proteins whose sizes are compatible with
designed lipid-conjugated DNA nanobarrels.

To demonstrate the potential applications in structural
investigation of membrane proteins by our reconstitution
method, we further employed cryo-EM and single-particle
analysis to characterize the 3D structure of a-hemolysin
through the reconstituted nanobarrel. Due to the low contrast
of cryo-EM for such a small protein compared with DNA
nanobarrel, the a-hemolysin was not as clear in raw single-
particle images as those in the negative-stain TEM images
(Figure 3a). However, in the 2D class averages, the features
of a-hemolysin became obvious (Figure 3b). Single-particle
reconstruction and cryo-EM refinement yielded a 3D density

Figure 3. Cryo-EM visualization of the reconstituted DNA nanobarrel.
a) A typical cryo-EM micrograph of reconstituted DNA nanobarrel with
a-hemolysin. Scale bar is 50 nm. b) A gallery of typical reference-free
2D class averages of the a-hemolysin-reconstituted nanobarrel com-
puted by the ROME software. c) The cryo-EM density map of the a-
hemolysin-reconstituted DNA nanobarrel is shown in two orthogonal
views, and is colored according to the local resolution. d) The pseudo-
atomic model in a ribbon representation fitted with the cryo-EM
density map, shown in two orthogonal views that are the same as
those shown in (c). The DNA and protein components are colored
cyan and red, respectively. €) Representative cryo-EM density super-
imposed with the atomic model of a DNA double helix in stick
representation. The cryo-EM density allows good fitting of the DNA
double helix backbone. The bumpy shape of the sugar ring or
phosphate group can also be recognized. f) The cryo-EM density map
of the a-hemolysin after the refinement using the density-subtracted
single-particle images, viewed from two orientations. The atomic
model from the crystal structure of a-hemolysin was fitted into the
map.
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map of the a-hemolysin-reconstituted DNA nanobarrel (Fig-
ure 3¢ and d). The overall resolution of the density map was
measured to be around 7.5 A through a gold-standard Fourier
shell correlation (FSC).!” The local resolution calculated by
the ResMap program suggests that the central part of the
DNA nanostructure achieves a resolution of around 6-8 A,
whereas the surface elements are in the 8-9 A resolution
range!™™ (Figure 3¢ and Figure S10). The density quality is
sufficient to allow reasonable backbone fitting of the DNA
(Figure 3d and e).

Compared with the DNA part, the resolution of the a-
hemolysin is much lower, with the consequence that no high-
resolution features can be discerned in the density map
(Figure 3¢ and d). This might well result from the inevitable
rotational and vibrational movement of the oa-hemolysin
protein relative to the DNA nanobarrel scaffold, because
there is no physical constraint on the in-plane rotational
orientations of the a-hemolysin against the DNA nanobarrel
(Figure S11). To counteract these dynamic effects, we sub-
tracted the density of DNA nanobarrel from the raw single-
particle images. Using the DNA-density-subtracted images,
the density map of a-hemolysin was reconstructed and
refined with imposing C7 symmetry at a resolution of
around 30 A. As illustrated in Figure 3 f, the features of the
outer and transmembrane domains of a-hemolysin become
apparent. The atomic model of the a-hemolysin can be
readily fitted into the density map as a rigid body. Although
the current resolution is not very high partly due to a sub-
optimal procedure of density subtraction, the result suggests
potential applications of our method in the biophysical
analysis of membrane proteins with further improvement on
both cryo-EM and DNA nanotechnology.

In summary, we have proved the general principle of
a novel method to reconstitute individual membrane proteins
into lipid-conjugated DNA nanobarrel structures in vitro. By
careful design, both single a-hemolysin and HIV-1 Env trimer
proteins have been incorporated into a DNA nanobarrel in
a monodispersed and native-like state. We further demon-
strated the potential of our approach in investigating mem-
brane protein structures. The key advantage of this approach
over the membrane-scaffolding-protein nanodisc tech-
nique®? lies in a higher degree of programmability of DNA
origami nanostructures,’ which potentially allows permuta-
tions in the design of the DNA nanobarrel to match a great
diversity of membrane proteins of different sizes. However,
potential difficulties may exist for the reconstitution of multi-
subunit membrane protein complexes like HIV-1 Env, owing
to their intrinsic metastability and their labile interactions
with detergents and lipids. Additional strategic modifications,
such as introducing ligand anchors or choices of specific
detergent or lipid molecules might mitigate these problems
via stabilization of the entire reconstituted superstructures. In
combination with DNA modification and dynamic assembly
of DNA nanostructures,****% our approach provides a power-
ful way to create hybrid supramolecular systems from three
types of molecules essential for life—DNA, protein and lipid,
the inclusion of which may be crucial for the development of
potential applications in nanomedicine and nanorobotics.
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