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Visualizing viral assemblies in a nanoscale biospheret
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We present a novel microfluidic platform to examine biological assemblies at high-resolution. We have
engineered a functionalized chamber that serves as a “‘nanoscale biosphere” to capture and maintain
rotavirus double-layered particles (DLPs) in a liquid environment. The chamber can be inserted into the
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column of a transmission electron microscope while being completely isolated from the vacuum system.

This configuration allowed us to determine the structure of biological complexes at nanometer-resolution
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Introduction

Understanding the properties of molecular machines is a
common goal of biologists and engineers. Our knowledge is
currently limited by the inability to study dynamic structures
at high-resolution. Transmission electron microscopy (TEM)
allows us to peer into the world of molecules while approach-
ing near-atomic resolution."” However, biological machines
must be fixed in order to enter the vacuum system of an
electron microscope. This is typically done by freezing speci-
mens in a thin layer of vitreous ice.”” Although ice preserves
the features of biological complexes, it also arrests molecular
machinery and limits the information we seek to acquire.
Recent advances in the development of materials such as
graphene®’ and silicon nitride® provide new opportunities for
imaging chemical processes in real-time. These new materials
can be exploited as environmental chambers for performing
experiments in situ or “inside” the EM column.”'® In
conjunction with new microfluidic based specimen holders,"!
scientists have observed the growth of materials'> and living
cells engulfing nanoparticles.'®> One inherent limitation with
this technique is that motion occurs when entities are freely
diffusing in solution results in poor structural resolution.
Affinity Capture devices'* consist of functionalized silicon
nitride microchips that bind specifically and with high affinity
to protein complexes, thereby tethering them in a fluidic
chamber. These devices can be produced using commercially
available microchips (Protochips, Inc., Raleigh, NC) and form
the imaging platform for a liquid flow holder. Two of these
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within a self-contained vessel. Images of DLPs were used to calculate the first 3D view of macromolecules
in solution. We refer to this new fluidic visualization technology as in situ molecular microscopy.

chips are tightly sealed together with nanometer spacers to
accommodate samples in a self-contained ‘“nanoscale bio-
sphere”. Transparent windows (50 nm thick) etched into the
chips allow the electron beam to penetrate the liquid chamber
for imaging purposes.

Our present work utilizes this new technology to capture
rotavirus double-layered particles (DLPs) onto functionalized
microchips decorated with antibodies against the viral capsid
protein, VP6. Native, rotavirus DLPs were examined in solution
within a microfluidic chamber using TEM. Here we show the
first high-resolution images of biological assemblies contained
entirely within liquid. We refer to this technical innovation as
in situ molecular microscopy.

Materials and methods

Preparation of functionalized microchips

Affinity Capture devices were prepared and decorated with
nickel-nitrilotriacetic acid (Ni-NTA) lipid layers as indicated in
the ESLT The lipid-labeled chips were incubated for 1 min at
room temperature with 4 pl aliquots of His-tagged Protein A
(0.01 mg ml™") (Abcam, Cambridge, MA) in buffer containing
50 mM Hepes, pH 7.5, 150 mM NacCl, 10 mM MgCl, and 10
mM CaCl,. The excess solution was blotted away, and the
chips were incubated with 4 pl aliquots of 0.01 mg ml™" VP6-
specific guinea pig polyclonal antisera (#53963) for 1 min at
room temperature. For cryo-EM experiments, C-flat grids
(Protochips, Inc., Raleigh, NC) containing 2 pm holes with 1
pm spacing between holes were used in place of silicon nitride
chips.

Preparation of EM specimens

Aliquots (3 pl) of purified DLPs (0.1 mg ml~" in 50 mM Hepes,
pH 7.5, 150 mM NacCl, 10 mM MgCl, and 10 mM CacCl,) were
added to antibody-labeled silicon nitride microchips or C-flat
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grids and incubated for 2 min. Following the incubation step,
specimens were prepared by 3 different methods: 1) main-
tained completely in solution while placed in the in situ
specimen holder, or 2) negatively stained and dried upon the
chips, or 3) plunged into liquid ethane on C-flat grids after a
3-second blotting interval using a FEI Mach III Vitrobot (FEI
Company, Hillsboro, OR). In situ specimens were prepared by
adding the DLP sample (3 pl) onto the antibody labeled chips
then spiking the wet chip with a small volume (~0.3 ul) of
contrast reagent (0.2% w/v, uranyl formate). The final pH of
the DLPs in buffer solution containing contrast reagent was
7.2. The contrast reagent did not fix the specimens and was
used to ensure proper visualization of DLPs for subsequent
image processing routines. The wet chips, containing DLPs in
solution and contrast reagent were then sealed in the chamber
by the addition of another microchip. The entire assembly was
positioned into the tip of a Poseidon TEM specimen holder
(Protochips, Inc., Raleigh, NC). The holder containing the
liquid samples was maintained at room temperature prior to
transfer to the TEM. The DLP samples remained fully hydrated
in the TEM during the course of the experiments. We
periodically tested for the presence of solution in the chamber
by exposing a region until bubbles formed. Representative
images of bubble formation in 150 nm of liquid can be found
in Fig. 1 (a—c) of the (ESI).tf Bubble formation in the liquid
chamber supports our claim that rotavirus particles were
contained in solution and were not dried nor fixed. Details on
DLP preparation and image processing routines can be found
in the ESI. Negatively stained control specimens were prepared
as described in the ESI. Frozen specimens used for compar-
ison purposes were transferred to a 626 Gatan holder and
maintained at —180 °C prior to inserting into the TEM.

Results and discussion

Capturing viral complexes using affinity devices

To engineer a system for capturing biological assemblies in a
microfluidic chamber (Fig. 1a), we coated silicon nitride
microchips with a lipid biofilm doped with functionalized
Ni-NTA lipids and DLPC filler lipids. His-tagged protein A was
added to the Ni-NTA-coated microchips to serve as an adaptor
molecule to bind to polyclonal antibodies against VP6."> The
antibodies against VP6 were added to the protein A-containing
chips (Fig. 1b), as a means of mimicking an antibody affinity
column. This technique was used previously to purify
macromolecular complexes from mammalian cell lysates.'®
Rotavirus DLPs were prepared using established protocols'’
and contained the viral protein subunits VP1, VP2, VP3 and
VP6 according to SDS-PAGE analysis (Fig. 2a, ESIf). To assess
the overall recruitment of particles using this technique, we
added DLPs (0.1 mg ml ') to microchips decorated with
protein A/antibodies and viewed the resulting samples in
negative stain using TEM.

DLP samples were examined using a FEI Spirit BioTwin TEM
equipped with a tungsten filament and operating at 120 kv.
Rotavirus DLPs bound to the decorated microchips in
adequate quantities for single particle analysis using 0.2%
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Fig. 1 Schematic of a microfluidic chamber (a) that accommodates biological
assemblies (yellow) in solution while inside a TEM column. (b) Magnified view of
the chamber surface decorated with IgG antibodies (blue) against the DLP outer
capsid protein, VP6.

uranyl formate (Fig. 2c, ESIf). Negative control samples lacking
VP6-specific antibodies failed to recruit DLPs (Fig. 2b, ESIf).
DLPs in buffer solution were unaffected by the change in pH
(from 7.5 to pH 7.2) upon the addition of contrast reagent over
the length of the experiments (Fig. 3, ESIf). Images were
recorded under low-dose conditions (~5 electrons/A?) for all
samples with a final sampling of 10 A/pixel and processed
using the SPIDER software package."® Individual particles were
selected from the images using the WEB interface associated
with SPIDER. Selected particles were windowed into individual
panels of 110 x 110 pixels and subjected to 10 cycles of multi-
reference alignment. Each round of alignment was followed by
principal component analysis and K-means classification.
References used for the first alignment cycle were randomly
selected from the raw images. Averages of the DLPs in negative
stain had diameters of 80-94 nm and showed features with
visible icosahedral symmetry (Fig. 5a, ESIT).

Using this system, the detection limit of 0.03 mg ml™" was
determined by the amount of DLPs present on the chip that
would still allow for image processing routines. Overall, these
results indicated that affinity microchips coated with anti-
bodies against the VP6 protein could specifically recruit DLPs
for quantification involving statistical image processing
analysis and 3D reconstruction routines.

In situ molecular microscopy

We applied the affinity capture strategy to produce DLP
specimens that were tethered in a liquid environment for in
situ imaging. A low concentration of contrast reagent was
added to the liquid chamber to enhance downstream image
processing. This reagent did not fix the native DLPs unlike
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traditional staining procedures. The holder containing the
intact liquid chamber was inserted into the TEM column and
examined under low-dose conditions (~ 5 electrons/A” for each
exposure). To ensure the liquid environment did not flatten
the DLPs in a manner similar to dried negatively stained
specimens, we recorded untilted and tilted images at 30° for
both liquid specimens (Fig. 4a, ESIf) and negatively stained
specimens (Fig. 4b, ESIf). No distortion due to flattening were
detected in the tilted liquid specimens while flattening was
noted in the tilted stained specimens, presumably due to air-
drying. Images of rotavirus particles suspended in liquid were
recorded at 30,000x for processing routines.

Individual virus particles were selected from images of DLPs
in liquid (Fig. 2a) and subjected to the same classification
procedures as our negatively stained samples (Fig. 5a, ESIf).
Projection averages of particles in solution (Fig. 5b, ESIt) are
more sharply defined than in dried negatively stained speci-
mens. Averages of liquid specimens also appeared to exhibit a
variety of different views in comparison to the limited number
of views displayed by the negatively stained averages (compare
Fig. 5b and 5a, ESIf). To determine the overall structure DLPs
in solution, we calculated 3D reconstructions using the
RELION software package."’

The image stack derived from the SPIDER package was
imported into RELION and a reference map for the rotavirus
DLP structure®® was downloaded from the website (http:/
emlab.rose2.brandeis.edu/rotavirusdlp) for the Grigorieff
laboratory. Refinement parameters in RELION included a
pixel size of 10 A, an initial model low-pass filtered of the
initial model to 80 A and a regularisation parameter of T = 4
while enforcing icosahedral symmetry over an angular search
space of 7.5 degrees. The refinement procedure was iterated
for 15 cycles outputting a single reconstruction (Fig. 2b,
purple) having a resolution of ~25 A. The density map was in
good agreement with the reference model.

Heterogeneous structures in solution

We used the RELION program to assess the level of structural
heterogeneity present in the viral assemblies. Following the
first five rounds of refinement, statistical values indicated the
presence of four variant structures in the image stack. We
refined each of the structures independently for an additional
10 iterations. The resulting 3D volumes were masked to 94 nm
with a major structure containing 65% of the particles (blue in
Fig. 2b) and another variant containing 23% (pink in Fig. 2b).
Two additional reconstructions contained only 7% (grey in
Fig. 2b) and 5% (yellow in Fig. 2b) of the total particles present
in the image stack. The fact that we were able to determine
four individual reconstructions for DLPs in solution suggested
that they exhibited some degree of structural heterogeneity, as
they were not fixed.

The reconstruction representing the majority of the particles
(65%, blue in Fig. 2b) best resembles the initial model that was
derived from previous cryo-EM experiments. This main
reconstruction has strongly defined symmetry axes with
distinctive crevices and more rigid features. The reconstruc-
tion containing 23% of the particles (pink in Fig. 2b) showed
blurring in surface crevices that are much more shallow than
in the initial model. The minor reconstructions contained only
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Fig. 2 Individual DLPs imaged in solution (a) have structural heterogeneity and
show a variety of views. Scale bar is 300 nm. (b) Multiple 3D volumes were
calculated from the original reconstruction (purple) of DLPs in solution.
Percentages for the number of particles contained in each structure are
indicated below each volume: 65% (light blue), 23% (pink), 7% (grey) and 5%
(yellow). Dynamic volumes are reduced by 50% of the original volume.
Reconstructions were visualized using the program Chimera.?? Each DLP volume
is ~80 nm in diameter.

7% and 5% of the particles (grey and yellow in Fig. 2b,
respectively). These particles have ill-defined crevices and
symmetry axes exhibiting a greater degree of heterogeneity.
The individual particles constituting these averages were
visually assessed and determined to contain no major
distortions or damage (data not shown). We attribute a
majority of the heterogeneity seen in the liquid reconstruc-
tions to 1) particles being located in different thicknesses of
liquid, 2) Brownian motion and 3) beam-induced motion.*!
There is also a remote possibility that heterogeneity is caused
by the presence of contrast reagent or by subtle differences in
biological stages/conformations. However, it is unlikely that
the contrast reagent played a major role as the particles were
fully contained in solution during imaging. Contrast reagents
contribute to heterogeneity in single particle reconstructions
as a result of air-drying the specimens after applying the
reagents, similar to Fig. 4b, ESLt

Cryo-EM of rotavirus assemblies

To determine how reconstructions of DLPs in liquid correlate
to those of frozen-hydrated samples, we collected images of
ice-embedded DLPs. Specimens were prepared using the same
experimental parameters that we used for the in situ
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Fig. 3 Image of vitrified DLPs and 3D reconstruction of vitrified DLPs (inset)
exhibit icosahedral symmetry (view down the 3-fold axis). The 3D volume is
highly similar to the initial liquid reconstruction (Fig. 2b, purple). DLP
reconstruction is ~80 nm in diameter. Scale bar is 300 nm.

experiments, substituting C-flat grids for microchips. Images
of DLPs (Fig. 3) were processed using SPIDER and projection
averages of the frozen specimens (Fig. 5c, ESIf) revealed a
similar degree of quality as averages of the liquid specimens.
The same refinement and reconstruction procedures were
implemented in RELION to calculate a 3D volume. In contrast
to what was found for the in situ specimens, a single,
statistically significant population was present in the image
stack of ice-embedded DLPs, yielding a ~24 A reconstruction
(Fig. 3, inset). The cryo reconstruction was similar to the major
structure identified in the liquid experiments. These results
are consistent with the idea that frozen specimens of
macromolecular complexes are less heterogeneous in compar-
ison to liquid specimens. Nonetheless, the concept of
heterogeneity among macromolecules in liquid versus ice
needs to be further validated.

Conclusions

In this study, we developed a new technology to determine the
first 3D structure of macromolecules fully contained within a
liquid environment. In situ molecular microscopy, utilizing
Affinity Capture devices, expands upon our previous work to
view the first biological complexes in solution using transmis-
sion electron microscopy.'* The technical advancements,
presented here, provide for the first time a useful strategy to
produce specimens in solution that are suitable for single
particle image processing routines and 3D reconstruction
calculations. Employing these new tools, we found that the
viral assemblies imaged in solution have a greater degree of
structural heterogeneity than those fixed in vitreous ice. As
such, we envision that this new technology may be applied to
“live-EM imaging” of molecular mechanisms, such as viral
assembly pathways and viral entry into host cells. This exciting
new frontier would allow investigators to examine biological
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processes in solution with a remarkable new level of
resolution.
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