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ABSTRACT: Synthetic nanoscale devices that reconfigure dynamically
in response to physiological stimuli could offer new avenues for
diagnostics and therapy. Here, we report a strategy for controlling the
state of DNA nanodevices based on sensing antigens with IgG antibodies.
To this end, we use IgG antibodies as structural elements to kinetically
trap reconfigurable DNA origami structures in metastable states. Addition
of soluble antigens displace the IgGs from the objects and triggers
reconfiguration. We demonstrate this mechanism by antigen-triggered
disassembly of DNA origami shells for two different IgGs and their
cognate antigens, and we determined the corresponding dose response
curves. We also describe the logic-gated actuation of DNA objects with combinations of antigens, as demonstrated with AND-type
shells that disassemble only when two different antigens are detected simultaneously. We apply our system for the antigen-triggered
release of molecular payload as exemplified by the release of virus particles that we loaded into the DNA origami shells. We expect

our approach to be applicable in many types of DNA nanostructures and with many other IgG-antigen combinations.

Bl INTRODUCTION

Creating synthetic nanoscale devices that can respond to
physiological stimuli is a long-standing goal of nucleic acid
nanotechnology.'~* Such devices could be envisioned to
accomplish advanced functions in diagnostics and therapy in
an autonomous fashion, for example by executing preprog-
rammed actions such as the release of a molecular payload in
response to the presence of user-defined antigens or
metabolites. In the past, researchers have explored non-
canonical shape-changing nucleic acid structures such as DNA
triplexes or i-motifs to control the state of nanodevices as a
function of pH.”~” Nucleic acid aptamers have also been
employed as biochemical, ligand-specific shape-changing
recognition elements®® and used, for example, to control the
reconfiguration of a DNA-based “nanorobot”'”'" to enable
cellular apoptosis or platelet aggregation in a logic-driven,
autonomous fashion. These previous systems relied on a
dynamic competition between ligand-dependent functional
aptamer folds and the formation of duplex DNA motifs and
depended on the availability of suitable aptamers.

The adaptive mammalian immune system provides a rich
source of highly specific molecular recognition elements in the
form of Immunoglobulin G (IgG) antibodies.'” IgGs feature
two identical binding sites for a target antigen, which can range
from small molecules to macromolecules. Using monoclonal
antibody generation techniques, high specificity and high
affinity IgGs against nearly every target molecule can be
systematically generated and harvested.'"”'* The bivalent
display of identical antigen-binding sites has previously been
used as a platform for dynamic DNA nanotechnology to
control toehold mediated strand displacement reactions or
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DNA triplex—duplex equilibria.'””~'” IgGs undergo only
modest conformational changes upon ligand binding, which
means there is no obvious distance variable that could be
directly coupled to a nanodevice to control its state."'” Here,
we present a system that can discriminate between monovalent
and bivalent IgG-antigen binding state and exploits this
variable to elicit molecular reconfiguration in synthetic DNA
devices in response to the recognition of antigens by IgG
antibodies.

B RESULTS AND DISCUSSION

Our mechanism triggers device reconfigurations when IgG
antibodies bind to cognate antigens. To accomplish this goal,
we consider a switchable molecular device that displays pairs of
antigens such that conformational changes of the device affect
the spacing between the antigen pairs (Figure 1a, condition 1
vs condition 2). In one conformation the antigen pair spacing
is compatible with bivalent IgG antibody binding, and in
another it is not. In a first step, called IgG stapling, IgGs are
brought into the system to dock onto the antigen pairs under
conditions for which the antigen pair distance is compatible
with bivalent IgG antibody binding (condition 2)2%*! In a
second step, called spring loading, the system is subjected to
conditions where the molecular device would normally switch
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Figure 1. IgG mediated stabilization and antigen triggered disassembly of icosahedral DNA origami shells. (a) Schematic representation of the
general principle of the antigen-detection mechanism, depicted in terms of the free energy of the system. (b) Schematic representation of a specific
implementation to control the assembly state of DNA origami icosahedral shells using free antigens. Cylinders indicate double-helices. Red circles
denote antigens. Blue y-shaped objects: IgG antibodies. Inset: length d refers to the pairwise antigen spacing.

to the conformation where the antigen spacing is no longer
compatible with bivalent IgG binding (condition 1). However,
in the presence of IgG staples, the system is kinetically trapped
in a high-energy state through the bivalent IgG antibody locks.
In this state, the mechanism is ready to sense and respond with
a conformational change to the presence of antigens. This is
because soluble antigens can displace the IgG antibodies,
which removes the kinetic barrier for relaxation into the lower-
energy state of the device.

In principle, our concept can be employed to control the
conformation of many DNA objects featuring internal degrees
of freedom in an antigen-dependent manner. However, it can
also be employed to control the oligomerization state of
higher-order DNA assemblies. For the present study, we
decided to implement our antigen-sensing mechanism in a
previously described icosahedral DNA origami shell system.””
We will use this example to illustrate antigen-dependent logic-
gated release of a molecular payload (a viral particle) from the
shells.

The icosahedral shells form by self-assembly of 20 identical
DNA origami triangle subunits that interact via shape-
complementary blunt-end stacking. As for many other
higher-order DNA assemblies of this type,23’24 at low
magnesium concentrations the equilibrium is shifted to
monomers, whereas at high magnesium concentrations
complete shells are favored (Figure 1b). Once shells are
formed, we staple the triangle-triangle edges together with
bivalent IgG antibody bridges formed between pairs of
antigens. Neighboring triangle monomers each contribute
one antigen to an antigen pair, i.e,, each triangle contributes six
antigens. Once the shells are stapled by IgG antibodies, the
shells are returned to conditions for which they would
disassemble (“burst”) in the absence of the IgG staples.
However, the shells cannot disassemble unless the antibodies
dissociate. The shells are thus kinetically locked in a high-

energy “spring-loaded” state. The bursting of the shells can
now be triggered by a user-defined biochemical stimulus in the
form of soluble antigens that displace the IgG staples from the
shells.

The spacing of antigen pairs has strong effects on the affinity
of bivalent IgG binding, with optimal antigen spacing between
12 and 16 nm.*>*" Based on a cryo-EM reconstruction of the
assembled icosahedral shell in the presence of 25 mM MgCl,
(EMDB: EMD-12024), we selected antigen-pair locations
which yield antigen spacings of approximately 8.5 nm in the
shell state (Figure S1). This spacing was chosen to
accommodate for swelling of the DNA origami shell upon
transfer to low counterion conditions, which has previously
been observed for other DNA origami objects™ and for an
increase in the distance between triangular edge—edge
contacts. Both effects increase the antigen spacing toward
the optimum-affinity antigen spacing and the antibody—
antigen staples are expected to tighten upon transferring the
IgG-stapled shells to low ionic strength conditions.

We tested our concept exemplarily with digoxigenin and 2,4-
dinitrophenol and their respective IgG antibodies. After shell
assembly, we titrated the concentration of antidigoxigenin IgG
against a fixed concentration of shells displaying the
corresponding antigen pair. Electrophoretic mobility shift
assays (Figure S2) indicated that a saturation of the antigen
sites was achieved at six equivalents of IgG per triangle
monomer, which corresponds to a ratio of 2:1 relative to
available antibody docking sites. We also imaged the antibody-
stapled icosahedral shells using cryo-electron microscopy
(cryo-EM; Figures 2a and S3) and determined a 3D electron
density map (Figure 2b). The cryo-EM map had an overall
resolution of 23 A and reveals a fully assembled icosahedral
shell composed of 20 triangle monomers as expected by
design. The docked IgG antibodies are clearly resolved in the
map, and one may appreciate the comparably large size of the
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Figure 2. Structural characterization and evaluation of Mg®* dependent IgG mediated shell stabilization. (a) Top: Exemplary Cryo-EM micrograph
of icosahedral shells in free-standing ice with antidigoxigenin antibodies cross-linking the triangle-triangle interfaces at 25 mM MgCl,. Bottom:
Two-dimensional class averages showing the object from different orientations. (b) Cryo-EM reconstruction of the assembled icosahedral shell with
two antidigoxigenin antibodies bridging each triangle-triangle interface (EMDB: EMD-13888). (c) Enlargement at a triangle-triangle interface
cross-linked by two antidigoxigenin antibodies depicted in (left) a cryo-EM reconstruction and (right) a cylinder model with manually positioned
IgG antibodies (PDB: 1IGT). Notably, in addition to both Fab fragments, parts of the antibody’s Fc region are reconstructed. (d) Laser-scanned
fluorescence images of 0.75% agarose gels in 0.5X TBE buffer supplemented with 8, 12, 16, and 20 mM MgCl,. Assembled shells were incubated
with and without antidigoxigenin antibodies at 25 mM MgCl, and subsequently diluted to the respective MgCl, concentrations and electrophorized
on the corresponding gels. Monomer: single triangle monomers, dimer: dimers formed by 2 triangle subunits, shells: fully assembled shells. (e)
Negatively stained TEM images of shells incubated without (left) or with (right) antidigoxigenin antibodies and diluted to 12 mM MgCl,. Scale

bar, 50 nm.

icosahedral shell relative to the IgG antibodies. One can also
discern the inverted Y-shape of the IgGs, with the two antigen
binding sites fixed to triangles and the Fc regions pointing
away from the shell (Figure 2c).

EMSA band pattern analysis indicated that a suitable
condition for spring-loading IgG stapled shells is attained in
the presence of 12 mM MgCl, (Figure 2d). At this condition,
icosahedral shells lacking IgG staples burst into monomers,
whereas the IgG stapled shells remain intact. This finding is
corroborated by TEM image data (Figure 2e). We note that
the shells tended to cluster in the presence of IgGs (seen in
EMSA as higher-order bands and in TEM), which we attribute
to IgGs that bridge triangles within different shells rather than
within the same shell. We expect that the optimal divalent ion
concentration for spring-loading can be tuned by coating the
shell monomers with varying ratios of oligolysine and PEG-
oligolysine, as we have previously shown for higher order DNA
origami assemblies.”®

To trigger the bursting of the spring-loaded shells, it suffices
to add the corresponding free antigen to solution, which we
tested here for shells stapled by antidigoxigenin or antidini-
trophenol IgGs (Figure 3ad). EMSA (Figure 3b,e, top)
revealed an increase of monomers for increasing concentration
of soluble antigen together with a decrease of intact shells.
TEM images (Figure 3b,e, bottom) showed intact shells in the
absence of antigen and only triangle monomers in the presence
of antigen at a sufficiently high concentration. To determine
the dose response curves, we performed FRET efliciency

measurements. To this end, we mounted dyes (Cy3 and CyS)
at equal distances from the symmetry axes at all three sides of
the triangle monomers. In this configuration, intact shells will
give high FRET signals, while disassembled shells (i.e., triangle
monomers) give low FRET efficiencies, which we indeed
observed (Figure 3c,f). From the observed FRET ratios, we
derived the fraction of assembled shells present in solution.
Analysis of the data by fitting a Hill-Langmuir equation gives a
half maximal effective concentration (ECg,) of 1.2 + 0.1 uM
for digoxigenin and 280 + 24 uM for dinitrophenol. The
measured ECs, for dinitrophenol is significantly higher
compared to the digoxigenin antibody—antigen pair, even
though their reported bulk affinities are similar (2.9 nM vs 3.5
nM, respectively).””>* We attribute this effect to the different
chemical structure and local environment of the shell-mounted
dinitrophenol compared to the free antigen, which has
previously been shown to have significant effects on the
antibody-dinitrophenol dissociation constant.”” The Hill-
coeflicient was in both cases 1.7 + 0.2. The Hill-coefficient
indicates positive cooperativity, which suggests that displace-
ment of one antibody from the shell promotes the displace-
ment of subsequent antibodies.

Our antigen sensing mechanism by IgG-stapled spring-
loaded objects can also be employed in a combinatorial fashion
to implement molecular logic, for example to create an AND
gate that responds to two antigens. To demonstrate this
option, we assembled and IgG stapled shells that display two
types of antigen pairs (Figure 3g). Adding either free
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Figure 3. Antigen-triggered disassembly of icosahedral shells. (a) Scheme showing the addition of soluble digoxigenin ligands to compete off shell-
stabilizing antidigoxigenin antibodies, which triggers disassembly of the shell. (b) Top: Laser-scanned fluorescence images of 0.75% agarose gels in
0.5X TBE buffer supplemented with 12 mM MgCl,. Assembled shells equipped with antidigoxigenin antibodies were incubated with increasing
concentrations of digoxigenin. Antidigoxigenin stabilized shells disassemble at increasing concentrations of soluble digoxigenin antigens. Bottom:
Negative-staining TEM images of antidigoxigenin stabilized shells in absence (left) and presence (right) of 25 uM soluble digoxigenin. (c)
Normalized FRET ratio of shells stabilized by antidigoxigenin at increasing concentrations of soluble digoxigenin ligands. The dashed lines
represent nonlinear least-squares optimization of the Hill-Langmuir equation to the experimental data. (d—f) Similar as in panel a but with anti-
dinitrophenol stabilized shells and addition of soluble 2,4-dinitrophenol ligand. (g) AND-gate logic gated shell disassembly is realized by installing
both digoxigenin and 2,4-dinitrophenol ligands and the respective antibodies on the triangle-triangle interfaces. Disassembly of the AND-gate shell
consequently requires the presence of both soluble digoxigenin and 2,4-dinitrophenol. (h) Negative-staining TEM images of shells equipped with
antidigoxigenin and anti-dinitrophenol incubated with left: 25 uM digoxigenin; middle: 5 mM 2,4-dinitrophenol; and right: 25 yM digoxigenin and

5 mM 2,4-dinitrophenol. Scale bars, 100 nm.

digoxigenin or 2,4-dinitrophenol alone did not result in the
bursting of the shells, as seen, e.g., by TEM imaging (Figure
3h). Only once both antigens are added to solution the spring-
loaded shells burst into monomers, confirming the desired
AND-gated mechanism (Figure 3h).

As a proof-of-concept for antigen-triggered release of
molecular payload, we packed the shells with Hepatitis B
virus (HBV) core particles. To this end, we functionalized a
fraction of the triangle monomers at their shell-inward-facing
surface with single stranded DNA extensions, to which we
hybridized an HBV-specific antibody covalently tagged with a
complementary DNA strand (Figure 4a). Adding HBV core

21633

particles during shell assembly resulted in shells containing a
viral cargo fixed to the shell walls (Figure 4b). The internal
cavity permits accommodating multiple viral particles, as is
clearly visible by negatively stained TEM imaging. We then
removed the anti-HBV antibody from the shell interior via
strand displacement, leading to freely floating but sterically
trapped viral cargo. We stapled the shells with IgG antibodies
and transferred them to low-ionic strength conditions for
spring loading (Figure 4c, Figure S4). Addition of soluble
digoxigenin then triggered the bursting of the DNA origami
shell, leading to the release of the viral cargo (Figure 4d).

https://doi.org/10.1021/jacs.1c09967
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Figure 4. Antigen-triggered release of viral payload. (a) Scheme showing (from left to right) the functionalization of a subset of triangles with
Hepatitis B virus core capsids, where the binding of the HBV particles is mediated by specific antibodies at the triangle’s shell-inward-facing surface;
assembly of complete shells with HBV core capsids in the lumen; stapling by anti-Dig IgG antibodies and spring-loading by reduction of ionic
strength; antigen-triggered shell bursting and release of the viral payload by adding soluble digoxigenin antigens. Not shown is an intermediate step
in which the HBV-binding antibodies located at the shell interior are detached from the shells, to have HBV particles freely floating in the shells.
(b—d) Negatively staining TEM images of shells assembled at 40 mM MgCl, in the presence of viral payload, anti-Dig stapled shells packed with
viral payload under spring-loading conditions (12 mM MgCl,, see Figure S4 for additional images), shells disassembled by adding soluble
digoxigenin antigens, leading to the release of the viral payload, respectively. Scale bar 50 nm (b and c) and 100 nm (d).

B CONCLUSION

In conclusion, we successfully tested two specific antibody—
antigen pairs as a structural element in spring-loaded DNA
origami objects. The modularity of the system should allow
swapping in other antibody—antigen pairs. The mechanisms
worked with different locations for mounting the antigens on
the object without the need for finetuning. This suggests that
the mechanism is robust and will function as long as the simple
antigen-spacing criteria described in Figure 1A are satisfied. We
thus anticipate that many other switchable DNA devices,
mechanisms, and higher-order assemblies can be turned into
antigen-detecting molecular sensors using our mechanism. The
spring-loaded antigen sensitive state is a fully integrated
unimolecular object, which is important for applications under
dilute conditions such as in molecular diagnostics or
therapeutics.

Furthermore, our shells that can be programmed to burst
and release a viral cargo in response to antigens illustrate future
avenues for antigen-controlled drug delivery. For example,
instead of responding to soluble antigens, the shell could
presumably be programmed to burst upon recognizing certain
cell surface markers. This could be realized by placing pairs of
cell receptor domains or pairs of peptide fragments on the
shells and stapling the shells using the corresponding IgGs. In
this way, the shells would become agents featuring an
integrated cell targeting and release control mechanism. We
chose to release a viral cargo in our experiments as an
illustration for a therapeutic payload. This choice was
motivated by ongoin§ efforts in developing oncolytic viruses
for cancer treatment,”” but directing those therapeutic viruses
to tumor cells is a major challenge. Our shells and the release
mechanism may provide a solution to this problem.

B EXPERIMENTAL SECTION

Folding of DNA Origami Objects. The T = 1 DNA origami
triangles were folded in a one-pot folding reaction as described
previously.®® In short, S0 nM of a M13-derived 8064 bases long
circular scaffold strand and 200 nM of each staple strand (see
Supporting Information, notes land 2 for sequences and Figure SS for
design diagram) were subjected to a thermal annealing ramp in a
Tetrad (Bio-Rad) thermal cycling device (65 °C for 15 min, 58—54
°C with a decrease of 1 °C/1 h, stored at 20 °C). The folding reaction
was performed in standardized “folding buffer” (S mM Tris Base, 1
mM EDTA, S mM NaCl, pH 8) containing 20 mM MgCl, (FoB20).
The scaffold was produced as previously described,>** and staples
were purchased from IDT (Integrated DNA Technologies).
Digoxigenin and dinitrophenol functionalized oligonucleotides were
purchased from Biomers.net.

Purification of Shell Subunits and Self-Assembly of Shells.
All DNA-origami triangles were purified using agarose gel purification
and if necessary concentrated by ultrafiltration as reported
previously‘m’33 with the following changes. For gel purification, gels
containing 1.5% agarose, 0.5X TBE buffer (22.25 mM Tris Base,
22.25 mM Boric Acid, 0.5 mM EDTA) and 5.5 mM MgCl, were used.
For ultrafiltration, gel purified sample was added to the same filter
multiple times (2—S times). This was followed by 2 washing steps
with FoBS to accurately control buffer conditions. To assemble the
triangles into shells, the MgCl, concentration was adjusted to 25 mM
unless stated otherwise and the sample was incubated at 40 °C for at
least 1 day. Typical triangle concentrations were in a range of 5 to 100
nM.

T = 1 Shell Antibody Stabilization and Antigen-Triggered
Disassembly. The T = 1 triangles were equipped with two
digoxigenin-modified DNA-strands and/or two DNP-modified
DNA-strands per triangle side (Figure S1), which were included in
the one-pot folding reaction. Additionally, per triangle side one Cy3
and one CyS fluorophore were introduced to facilitate FRET readout
for shell disassembly (Figure S1). The triangles were purified and
assembled as described above. Five yL fully assembled shells in FoB25
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were mixed with 2.5 uL of 120 nM antidigoxigenin (Mouse
monoclonal IgGlk;, clone: 1.71.256) in FoB22.5 + 0.05% Tween-20
and/or 2.5 uL of 120 nM antidinitrophenol (rat monoclonal IgGlx,
clone: LO—DNP-2) in FoB22.5 + 0.05% Tween-20 and incubated for
2 h at 25 °C. When only a single antibody type was added the omitted
antibody was substituted by 2.5 uL of FoB22.5 + 0.05% Tween-20.
Subsequently, the MgCl, concentration was decreased to 12 mM by
adding 40 uL of FoB9 + 0.05% Tween-20 and 2.5 uL of various
concentrations of digoxigenin and/or 2,4-dinitrophenol in FoB22.5 +
0.05% Tween-20. FRET was measured in a 384 well plate on a
platereader pre-equilibrated to 30 °C (CLARIOstar, BMG labtech, A,
=530 & 10 nm, Ay s = 675 % 25 nm and A, p = 580 # 15 nm). All
experiments were performed in duplicates.

Agarose Gel Electrophoresis. Agarose gel electrophoresis was
used to evaluate the size distribution of the shell assembly. The
samples were loaded on gels containing 0.75% agarose, 0.5X TBE
buffer (22.25 mM Tris Base, 22.25 mM Boric Acid, 0.5 mM EDTA)
and a MgCl, concentration as indicated in the figure captions. EtBr
was added to gels containing DNA-origami triangles without
fluorescent dyes to visualize the structures. For MgCl, concentrations
higher than 15 mM, a surrounding ice-cooled water bath was used,
and the buffer was exchanged every 45 min. Gel electrophoresis was
performed for 1.5 to 2 h at a bias voltage of 90 V. The gels were
scanned with a Typhoon FLA 9500 laser scanner (GE Healthcare)
with a pixel size of 50 pm/pixel.

Negatively Stained TEM. A total of 5 uL of the sample was
incubated (30—120 s) on plasma-treated Formvar-supported carbon-
coated Cu400 TEM grids (Electron Microscopy Science). The grids
were washed with 5 uL of 2% aqueous uranyl formate solution
containing 25 mM sodium hydroxide and subsequently stained with
20 uL of the same stain solution for 30 s. TEM images were acquired
with a FEI Tecnai T12 microscope operated at 120 kV with a Tietz
TEMCAM-F416 camera at a typical magnification of 10 000X to
52 000X with SerialEM. Images were high-pass filtered and
autoleveled with Adobe Photoshop.

Cryo Electron Microscopy. Triangle monomers were concen-
trated to 100 nM, assembled into icosahedral shells, and antibody-
stapled as described above. Then 3 uL of the sample was added to
plasma-treated C-flat 1.2/1.3 grids (Protochip) and plunge-frozen in
liquid ethane with a Vitrobot Mark V (2 s blot time, —1 blot force, 0 s
drain and wait time). The temperature and humidity were set to 22
°C and 100%, respectively. Micrographs were acquired with a Cs-
corrected Titan Krios G2 electron microscope (Thermo Fisher)
operated at 300 kV and equipped with a Falcon III 4k direct electron
detector (Thermo Fisher). Images were acquired at a defocus of —2
um, with a pixel size of 2.9 A/pixel, 18 fractions, and a dose of 42 e/
A2 Image processing was done in RELION3.**** The movies were
aligned with MotionCor2*® and CTF estimation performed using
CTFFIND4.1." Particles were selected through visual inspection in
multiple rounds of 2D and 3D classifications. The initial model was
calculated in RELION3. In total 629 particles were used for the
refinement using icosahedral symmetry (I1).

Viral Particle Loading and Disassembly. Triangles with three
additional staple-extensions for the attachment of anti-HBVc-DNA
conjugates were folded and purified as described above. Anti-HBVc-
DNA conjugates were prepared and purified as reported in ref 30,
added to purified triangles in a 1:1 ratio relative to attachment sites on
the triangles, and incubated for 2 h at room temperature. Triangles
functionalized with and without anti-HBVc were mixed with HBVc
particles at a total triangle concentration of 8 nM (4 nM triangles with
and 4 nM triangles without anti-HBVc) and incubated in FoBS for 2 h
before increasing the MgCl, concentration to 40 mM and incubating
the sample at room temperature for 1 day to allow shell assembly. To
detach anti-HBVc-DNA conjugates from the shell’s interior surface
and trigger the disassembly of spring-loaded shells, 8 uL of shells were
mixed with 2 uL of displacer oligonucleotide (S0 M, Supporting
Information, note 2) and 2 uL of digoxigenin (68.4 uM) at a MgCl,
concentration of 40 mM and incubated for 1.5 h at room temperature.
For negative control samples, 2 uL of FoB40 was added instead of
digoxigenin. Finally, the samples were diluted to a MgCl,

concentration of 12 mM by mixing 2 uL of sample with 8 uL of
FoBS. Negative stain grids were prepared after 1 h incubation at a
MgCl, concentration of 12 mM as described above.
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