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SUMMARY

Viruses, are such efficient nano-machines that they can pack all the genomic materials
in a confined space essential for self-replication; and yet they are the smallest of living
entities among all life forms. When studied carefully, viruses can parasitize in all living
organisms. Animals, plants, bacteria, and fungi are all subject to viral infections. In this
dissertation, I will be mainly focusing on investigating measles virus (MeV) and
respiratory syncytial virus (RSV) by cryo-electron tomography (cryo-ET). MeV and RSV
are single-stranded negative-sense RNA viruses. They are important human pathogens
that can cause severe diseases; in some cases, they can lead to death.

MeV and RSV are known for their pleomorphic nature. Because of the inherent
heterogeneity, the structural studies of these two viruses have not been well explored
until recent years. Whole-cell tomography of virus-infected cells is possible and provides
a much more native environment to study virus assembly as well as the authentic
architecture of viral particles.

MeV remains a major human pathogen, with recurrent outbreaks impacting the pediatric
population worldwide. To elucidate the principles governing paramyxovirus assembly
and budding, we used cryo-ET to directly visualize MeV-infected human-derived cells.
The three-dimensional (3D) arrangement of the MeV structural proteins including the
surface glycoproteins (F and H), matrix protein (M), and the ribonucleoprotein complex
(RNP) were characterized at stages of virus assembly and budding, and in released
virus particles. A two-layered F-M lattice was revealed and the F-M lattice suggests that
interactions between these proteins are present and may coordinate processes essential

xvii

for MeV assembly. In this model, the M lattice facilitates the well-ordered incorporation
and concentration of the surface glycoproteins and the RNP at sites of virus assembly.

RSV is the leading cause of lower respiratory tract disease in young children, immunocompromised adults, and the elderly. In this study, we have used cryo-ET to study the
morphology and assembly of RSV from infected human cells in its close-to-native state.
Our results have demonstrated that RSV is filamentous across several virus strains and
cell lines by cryo-ET, cryo-immuno EM, and thin sectioning TEM techniques. Taking
advantage of the whole cell tomography technique, we have resolved different stages of
RSV assembly. Collectively, our results will facilitate the understanding of viral
morphogenesis in RSV and other pleomorphic enveloped viruses.

xviii

CHAPTER 1
INTRODUCTION

This chapter will broadly address the key topics that I will be discussing in detail in the
following chapters. It will provide the background in the following areas: the biology of
virus and virus assembly, the motivation of studying enveloped virus assembly using
cryo-electron tomography, the recent development in cryo-electron microscopy and
image processing, and finally the implementation of the cutting-edge techniques in
structural biology and the contributions made in structure-guided drug design and
vaccine development.

Viruses and virus assembly

Viruses, are such efficient nano-machines that they can pack all the genomic materials
in a confined space essential for self-replication; and yet they are the smallest of living
entities among all life forms1. While some might argue that viruses are not living
organisms since they rely on the host machinery for replication; however, a seasoned
virologist will agree that viruses illustrate a life form just like any other creature1. When
studied carefully, viruses can parasitize in all living organisms. Animals, plants, bacteria,
and fungi are all subject to viral infections.

Over the past decades, virologists have been combatting viruses by understanding the
viral biological aspects, including viral pathogenesis, viral transmission and epidemiology,
anti-viral drug design, and vaccine development. Hopefully one day, with the
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accumulated knowledge, we will be able to eradicate the viruses and benefit the health
of humans by reducing the medical burdens that we are currently experiencing.

One part of what virologists have learned over the years is the process of virus assembly.
Virus assembly is a process of assembling the nano-machine that requires a series of
coordinated interactions between the viruses and the hosts. The ultimate goal for the
virus assembly is that, with the coded instructions from the viral genomic material, the
virus utilizes the host machineries to produce the structural and non-structural proteins
essential for viral genome replication and package infectious progeny viruses.

In double-stranded DNA bacteriophages, such as T4 and other icosahedral viruses, it is
fascinating to learn that the nucleic acids at near crystalline density can be packaged
into such a small encased protein shell2,3. This tight packing process is extremely
thermodynamically unfavorable; however, it can be done on a regular basis for any
bacteriophages and other icosahedral viruses4,5. The end result of the assembly process
is that, by the help of molecular rulers, proteins and nucleic acids can be assembled into
a very defined three-dimensional (3D) structure. Because of the tightly packaged
genomic material in the bacteriophages, phage genome packaging and assembly has
been an intriguing biological question. The bacteriophage assembly has been studied
over the past decades to understand the molecular machinery and how the molecular
motors are used in compacting the genomic material into the protein shell. The
implications from the studies are that the bacteria and bacteriophages have co-evolved
and that allowed for horizontal gene transfer, and subsequently have affected the
evolutionary history of all kingdoms of life2.
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Among animal viruses, some of them do not have the lipid bilayer (non-enveloped
viruses), while others contain a viral envelope that is derived from the cellular plasma
membrane (enveloped viruses). The assembly pathway of the enveloped viruses
involves the following steps: replication of the viral genome, translation of viral proteins
inside the host cell, trafficking of the proteins to plasma membrane, assembly of viral
particles from the accumulated structural proteins and viral genomic materials, and
finally the scission/budding step to produce the newly formed progeny virions where a
part of the cellular membrane will be pinched off. A new replication cycle starts by virus
entry into a new host cell via membrane fusion either at the plasma membrane or in the
endosome in the cytoplasm, followed by the release of genomic material into the
cytoplasm. The released nucleic acids will serve as templates for another round of viral
replication6,7.
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Measles virus and respiratory syncytial virus

The order of Mononegavirales is a group of single-stranded negative-sense RNA
viruses8. Some of the representative examples within this order are Ebola virus, Marburg
virus, measles virus (MeV), respiratory syncytia virus (RSV), rabies virus, avian
paramyxovirus 1 (Newcastle disease virus)8, and Nipah virus. Among these viruses,
some of them can cause severe diseases, such as hemorrhagic fever (Ebola virus),
measles (MeV), and rabies (rabies virus); in some cases, they can lead to death.

Paramyxoviridae and Pneumoviridae are two families within the order of
Mononegavirales9. In this dissertation, I will be mainly focusing on the study of MeV
(Paramyxoviridae) and RSV (Pneumoviridae); both of which are important human
pathogens that can cause severe diseases. Both MeV and RSV are enveloped, nonsegmented, negative-sense single-stranded RNA viruses. Other well studied viruses
within paramyxovirus family include avian paramyxovirus 1 (also known as Newcastle
disease virus, NDV)8,10, Sendai virus11-14, mumps virus15, human parainfluenza viruses1619

, Hendra virus and Nipah virus20-22, which all together have shaped our understanding

of the assembly and budding processes of the paramyxoviruses6,7,23. On the other hand,
the Pneumoviridae family, which separated from the Paramyxoviridae family in 201624-26,
were equally well studied. Other than RSV, another representative example in this family
is human metapneumovirus27,28.

MeV and RSV are known for their pleomorphic nature. Because of the inherent
heterogeneity, the structural studies of these two viruses have not been well explored
until recent years29-37. There are recent studies focusing on individual compartments of

4

the viruses aiming to understand virus assembly at the molecular level. For example, the
helical nucleoprotein complex of MeV has been solved at near atomic resolution by cryoEM38, and many individual components of RSV have been extensively studied by X-ray
crystallography39-44. There is abundant information on individual viral compartments, yet
a lot more unanswered questions remain, such as the interactions between each
component, the assembly cascade pathway, and the interactions between the viral
macromolecular complexes and the cellular factors.

Two structural studies from the Butcher group (University of Helsinki, Finland) by cryoelectron tomography have laid the foundation of the architecture of MeV and RSV29,32.
By studying the purified MeV particles, Liljeroos et al., 201129 found that the existence of
the matrix (M) coated ribonucleoprotein complex (RNP) within the MeV viral particles.
When examining purified MeV particles, our group (Wright group, Emory University, US)
confirmed the findings by the Butcher group30. By taking a closer look at the 3D
organization of the M-coated RNP, the Butcher group resolved a double-layered helical
tube structure where the outer helical tube is the M protein and the inner tube is the RNP
complex29. The M protein was further confirmed by immunogold staining transmission
electron microscopy (TEM). The Butcher group concluded that the MeV M coats the
RNP in the mature viral particles. They suggested that the M-coated RNP will be
assembled in the cytoplasm and then be co-trafficked to the plasma membrane prior to
loading into MeV virion29. Based on the observations mentioned above, they concluded
that MeV M protein acts as the centralized organizer in driving negative-sense RNA virus
assembly45.
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In the study of RSV purified particles32, the Butcher group found that RSV particles are
heterogeneous in morphology, including filamentous, spherical, and irregular. In contrast
to the M-coated RNP model proposed in the MeV study29, they found that RSV RNP is
not coated by the M in all cases. Instead, they observed that RSV M layer lies
underneath the viral membrane on the filamentous area while M is absent from the viral
membrane when it’s spherical. What drives RSV assembly? This is a long-lasting
question in the field of enveloped virus assembly. Based on the facts that RSV M can
assemble into helical structure and self-assemble into a layer independent of viral
membrane, it is suggested that the polymerization of RSV M is the driving force of RSV
assembly42,46. In addition, through sub-tomogram averaging and classification using
principle component analysis, researchers from the Butcher group32 found that there are
two conformational states of RSV F glycoproteins, even on a single virus particle. The
prefusion conformation state of RSV is a thermodynamically metastable; when fusing
with the membrane during entry process, the prefusion state of RSV F will undergo an
irreversible conformational change to a thermodynamically stable postfusion state,
resulting in the exposure of the fusion peptide and membrane fusion43,47-50.

However, these observations are based on purified MeV and RSV particles instead of
viruses in the cellular context. Viruses acquired through the high-speed centrifugation
process will potentially suffer the physical damage and the particles may not represent
the authentic viral architecture from the infected cells in its most native state. For
example, the presence of both prefusion and postfusion state of the RSV F glycoproteins
on a single viral particle. Furthermore, without the cellular context and the dynamic
assembly information, the conclusions drawn are not convincing, especially their
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proposed MeV assembly model where M coats the RNP complex as the mature form in
the MeV particles.

With the development and optimization of sample preparation for cryo-ET, whole-cell
tomography of virus-infected cells is possible and provides a much more native
environment to study virus assembly model as well as the authentic architecture of viral
particles. Recent years have seen the use of whole-cell tomography to resolve the
assembly steps of a number of enveloped viruses, including Human Immunodeficiency
Virus (HIV)37,51-53, Ebola virus54, Marburg virus55,56, RSV34,36,37, and so on. These
structural studies have helped virologists further understand interesting biological
questions by fully integrating the cutting-edge technique cryo-ET.

During my PhD training process, I have explored whole-cell tomography of virus-infected
cells as exampled in MeV and RSV systems. From sample preparation, data collection,
image processing, data analysis, and answering biological questions, I was able to grasp
the architecture similarities and differences of the spatial arrangement of the structure
proteins, to picture the assembly steps of these two closely related viruses, and finally to
establish the relationships between the viral structures and their functions in their native
state. In order to better illustrate the overall findings of these enveloped viruses, I have
summarized the assembly and architecture (MeV in the example) in a schematic
diagram, as illustrated in Figure 1.1.
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Figure 1.1 The assembly model of MeV and its 3D structure revealed by cryo-ET.
(a) At the assembly site, viral components are accumulated at the plasma membrane to
initiate the assembly process, including glycoproteins F and H, matrix protein M, and the
RNPs. Actin filaments are potentially involved during the process. At the assembly site,
M is the driving force, which orchestrates the whole process by interacting with F and
RNPs in a timely and spatially manner. Once assembled, viral particles undergo an
unknown scission event and bud off the plasma membrane. After releasing, the viral
particles are free to infect the next cell. (b) MeV RNP class average distribution in the
raw tomograms. Note white arrowheads indicate the directionality of the RNP. (c)
Classification reveals two classes of MeV RNP with different pitches. Scale bars are 50
nm (a), 100 nm (b), and 10 nm (c).
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Electron microscopy

Electron Microscopy (EM) has tremendously expanded the boundaries of human
knowledge and opened the new vistas to the human eye57. In 1931, German engineers
Ernst Ruska and Max Knoll built the prototype electron microscope. Wave-particle
duality, proposed and established in the early 20th century, under the combined work of
Max Plank, Albert Einstein, Louis de Broglie, and many others, made it possible for
utilizing electrons as the illumination source for the electron microscope. The electron
microscope uses electrons as the illumination source to light the sample and acquire
magnified images of the specimen. Because of the much shorter wavelength of the
electron compared to the photon, the resolution that the electron microscope can
achieve is much higher than a light microscope. Theoretically, an electron microscope
can magnify a specimen 2,000,000 times, while a best light microscope can magnify
2,000 times. In 1933, Ernst Ruska and Max Knoll demonstrated that the electron
microscope broke the barrier of the resolvability for an optical light microscope. The
ultimate goal for biologists and material scientists is to resolve atomic resolution, where
atoms can be seen.

The very first application of EM in biology was demonstrated in "A Study of Tissue
Culture Cells by Electron Microscopy: Methods and Preliminary Observations" by
pioneers Keith Porter, Albert Claude, and Ernest Fullam from Rockefeller Institute in
194558. They came up with feasible methods to prepare the sample for imaging and
showed the very first electron micrograph montage of an intact mammalian cell (Figure
1.2). This began the era of biological application using EM, which has expanded
tremendously ever since.
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The proof of principle of scanning electron microscope (SEM) was demonstrated in 1935
and 1937 by Max Knoll and Manfred von Ardenne, respectively. Since its expansion of
SEM, the surface of the matter was viewed at an unprecedented magnification and
clarity. In my thesis research study, the virus-infected cells were visualized under an
SEM (Figure 1.3). When taking a closer inspection, RSV filaments were clearly resolved
while budding off from the HeLa cells (Figure 1.4).

10

Figure 1.2 The first electron micrograph montage view of an intact cultured
mammalian cell from chick embryo tissue. In this micrograph captured by TEM,
details of cell edge and extensions are clearly defined in the fibroblast-like cell due to
differential electron scattering. Nucleus is dark looking and clearly resolved. Three nerve
fibers were also captured and dark looking in the micrograph. Source of the image is
from Porter et al., 194558.
http://www.biologicalelectronmicroscopy.com/uploads/7/6/0/1/7601395/514776027.jpg
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Figure 1.3 Scanning electron microscopic (SEM) micrograph of RSV-infected cells.
The filaments shown (a, b, and d) are RSV viral filaments produced from RSV-infected
cells. In these micrographs, immunogold labeling was used to target RSV fusion
glycoprotein, indicated by the white dots in c and d. Scale bars are 250 nm.
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Figure 1.4 Multiple imaging modalities of RSV particles. (a) Extended-focus
fluorescent light microscopic image of RSV-infected HeLa cells. Red is fusion
glycoprotein, green is nucleoprotein, and blue is nucleus. (b) Negative staining TEM of a
purified RSV particle from sucrose cushion. (c) A 3D rendering of a released liveattenuated RSV particle imaged in the near-to-native state by cryo-electron tomography.
(d) A 3D rendering of an assembly site from RSV-infected MRC-5 cells. (c-d) Surface
glycoproteins (yellow) are anchored on the viral membrane (cyan), with RNP complexes
(red) interior, ring-like structures are blue, ribosomes are magenta, green is the actin
filaments are green and microtubules are gold. Scale bars are 10 μm (a) and 50 nm (b).
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Current status of cryo-EM

The 2017 Nobel Prize in Chemistry was awarded to three pioneers in the cryo-electron
microscopy (cryo-EM) field: Jacques Dubochet from the University of Lausanne,
Joachim Frank from Columbia University, and Richard Henderson from the MRC
Laboratory of Molecular Biology. They shared the Nobel Prize “for developing cryoelectron microscopy for the high-resolution structure determination of biomolecules in
solution” (Figure 1.5).

Since the beginning of cryo-EM, particularly the development of frozen-hydrated
specimens in vitreous ice instead of crystalline ice, cryo-EM has been challenging59-66.
The aqueous water molecules tend to form crystalline ice when the temperature drops,
and the crystalline ice is detrimental from resolving the native structure of biological
specimens. The crystalline ice is not electron-beam permeable, resulting in dark images;
in addition, the expansion of the volume from aqueous water to crystalline ice can break
the existing molecular bonds, which will ultimately produce an altered structure. Because
of these reasons, an alternative solution is needed: vitreous ice! Vitreous ice is water in
a different phase: it is non-crystalline under cryo temperature. The vitreous ice can be
formed by rapidly freezing the aqueous sample under liquid ethane/nitrogen temperature.
Because the freezing process is so fast, the water molecules do not have time to rearrange into crystalline ice. Meanwhile, the established biological system will not be
disrupted by the formation of crystalline ice and most importantly, the vitreous ice is
electron-beam transmittable. Under cryo-conditions, radiation damage can be minimized
and the structure of interest is better preserved60,62. After years of trial and error, the
pioneers in the field have fully established the optimal conditions for cryo-sample
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preparation, data collection, and image processing towards high resolution
macromolecular complexes.

Currently, electron microscopy (EM), especially cryo-electron microscopy (cryo-EM), is a
revolutionary field67 due to its ability to resolve atomic structure of macromolecules68-81.
One of the widely used methodologies by structural biologists is single particle
reconstruction. Single particle reconstruction is a powerful tool to study macromolecular
structure, where purified macromolecules are rapidly frozen at cryogenic temperature
and the randomly orientated macromolecules are imaged under a transmission electron
microscope68. Then through highly developed three-dimensional (3D) image
reconstruction methods, the macromolecular structure can be solved by aligning and
averaging each individual two-dimensional (2D) projection images based on their
orientation in 3D space. Nowadays, it is not uncommon that the atomic structure can be
achieved by cryo-EM; the obtainable resolution is comparable to X-Ray crystallography
and nuclear magnetic resonance spectroscopy (NMR). The advantages of cryo-EM are:
not only can it resolve protein structures at atomic resolution, but also it is able resolve
macromolecules that are either too heterogeneous or large for X-Ray crystallography or
NMR, respectively82,83.

The ribosome resolution “race” has seen the rapid growth of cryo-EM development, as
addressed in a recent manuscript by Dr. Joachim Frank68. Ribosome is a
macromolecular complex made of ribosomal RNA and protein, and is the factory for
protein synthesis in cells. The technical development was slow at the beginning, as it
took half a decade (2008 to 2013) to increase the resolution of ribosome from 6.7 Å to
5.5 Å84,85. At this resolution, the secondary structures were clearly resolved, but the side
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chains or hydrogen bounds are still illusive to structural biologists. In the recent years,
with the innovation and application of the new electron microscopes (Titan Krios), direct
electron detector hardware86, motion correction software87,88, and improved 3D
reconstruction processing software89-92; cryo-EM has revolutionized since 201267. As a
result, single-particle cryo-EM was selected as the method-of-the-year in 2015 by the
journal Nature Methods93,94. In 2016, the ribosome resolution was achieved at 2.5 Å; at
this resolution, the quality of the structure can be used for drug design71.

Furthermore, the 3D structure determination of hemoglobin has demonstrated the power
of cryo-EM to resolve small molecules that are lower than 100 kDa at atomic resolution70.
The myoglobin structure was first solved at 5.5 Å by Max Perutz with X-Ray
crystallography95. With the on-going development and application of phase plates and
cryo-EM, it is promising that even smaller molecular weight macromolecular structures
can be resolved by cryo-EM72,96-102.

Last but not least, not only can cryo-EM break the 3 Å resolution barrier79,103,104, but also
it has the capability to break the 2 Å resolution barrier, as shown from the Subramaniam
group where they achieved 1.8 Å resolution of glutamate dehydrogenase81. Glutamate
dehydrogenase (334 kDa) is a conformational dynamic enzyme used to transform
glutamate to α-ketoglutarate. At 1.8 Å resolution, the carbonyl bonds and hydrogenbound molecules are clearly resolved, making it available for small molecule drug design.
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Figure 1.5 Cryo-EM structure and 2017 Nobel Laureates in Chemistry. (a) Artistic
representation of cryo-EM structures of glutamate dehydrogenase with increasing
resolution from left to right. Electron detector technology advances played a key role in
making it possible for cryo-EM to routinely attain atomic resolution (ribbon structure, far
right). Credit: Martin Högbom/Stockholm University. (b) The three Nobel Laureates in
Cryo-EM. From left to right are Jacques Dubochet, Joachim Frank, and Richard
Henderson. Credit: AP, Columbia University Medical College, MRC Laboratory of
Molecular Biology.
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Future directions of cryo-EM

The future of cryo-EM is unpredictable; however, one thing certain is that, whatever it is,
it will be exciting! Over the past four decades, cryo-EM has progressed so much in all
aspects towards high resolution structural determination of biological macromolecular
complexes. Especially in the past 5 recent years, cryo-EM has seen a “resolution
revolution”67.

Single particle reconstruction can achieve similar or even better resolution than X-ray
crystallography for intermediate and large macromolecular complexes105-107. For
example, in 2013, the Cheng group at the University of California, San Francisco have
resolved a mammalian ion channel TRPV1 at the atomic level using cryo-EM single
particle reconstruction method76,108,109. Small virus glycoproteins, such as the fully
glycosylated HIV-1 Env glycoprotein110,111 and the coronavirus S spike78,112 were
resolved by single particle reconstruction. Other representative examples of high
resolution structures resolved by cryo-EM such as gamma-secretase77,113, mammalian
spliceosome structures resolved by the Nagai group at the MRC Laboratory of Molecular
Biology114-116 and the Shi group at the Tsinghua University, China117-127. Not only does
single particle cryo-EM have the capability of resolving homogeneous structures, it has
been demonstrated that it can sort out different conformational changes from a
heterogeneous specimen128-131. Very recently, the Lander group at the Scripps Research
Institute demonstrated that the atomic resolution is achievable by single particle cryo-EM
even with a 200 keV transmission electron microscope equipped with direct electron
detector132.
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Cryo-ET and sub-tomogram averaging is a great combination in resolving
macromolecular complexes at sub-nanometer resolution in situ133, and recent years
have seen its explosion in biological applications. For example, the Jensen group at
California Institute of Technology has demonstrated the power of cryo-ET and subtomogram averaging by resolving many prokaryotic cellular machineries in situ134-141.
Other groups have applied this method in solving many viral machineries, including
influenza virus hemagglutinin glycoprotein (HA)142-145, Herpes simplex virus
nucleocapsid146 and surface glycoproteins147,148, RSV F glycoproteins in the prefusion
and postfusion states32,36, the surface glycoproteins of Hantavirus149,150, and so on. Not
only can sub-tomogram averaging provide 2-3 nm, or even sub-nanometer resolution,
but it also has been demonstrated that (near-) atomic resolution is achievable with all the
steps taken care of properly. The Briggs group at the European Molecular Biology
Laboratory (now at MRC Laboratory of Molecular Biology) resolved the immature HIV
Gag lattice to resolutions better than 4 Å in intact HIV virions74,151. More recently, subnanometer resolutions were achieved in other systems from structures in situ, such as
mature HIV capsid152, Ebloa and Marburg viral nucleocapsid153, the coated protein I
(COPI) coat vesicles154, and so on. These breakthroughs have expanded the
possibilities obtaining the in situ structure in cellular context at (near-) atomic resolution.
With the technique, the tedious expression and purification processes can be avoided if
the structure of interest is abundant in the cellular environment and a more native
structure can be obtained.

Cryo-focused ion beam (cryo-FIB) SEM is likely going to be the “new normal” in the near
future. Electrons have a limited mean-free path when travelling through the biological
specimen embedded in vitreous ice (< 500 nm)155-157. Therefore, without any processing,
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the thicker regions inside the cell are not electron permeable. Cryo-FIB milling can
micro-machine the thick regions and open “windows” for further imaging and higher
resolution data collection158. A recent example from the Briggs group and a few
collaborative groups including the Engle group, the Baumeister group, and the Plitzko
group (Max Plank Institute of the Biochemistry) exhibited a marvelous journey to the
inside of the cell. They were able to view the COPI structure near the Golgi apparatus159
at sub-nanometer resolution using cryo-FIB SEM, cryo-ET, and sub-tomogram
averaging techniques. Another example of cryo-FIB milling by Mahamid et al. from the
Baumeister group demonstrated the nuclear pore complex structure, the very inner part
of the cell160.

Correlative microscopy, or cryo-correlative light and electron microscopy (cryo-CLEM), is
playing a more and more important role in assisting structural biologists to locate areas
of interest, and/or to find rare events inside the cells. When locating rare events in the
cellular context under an electron microscope, it is quite like “looking for a needle in a
haystack”161. By using cryo-CLEM, the Zhang group at the Pittsburg University (now at
Oxford University) demonstrated that HIV capsid dynamic change when entering the
cell162,163; the Wright group from Emory University demonstrated the cellular surface
protein tetherin and interaction with HIV-1 particles using cryo-CLEM and cryo-ET37,53;
and the Jensen lab from California Institute of Technology identified unknown structures
in situ when investigating bacterial chemoreceptors137,164. Excitingly, the Jensen group
advanced cryo-CLEM technique with a combination of super-resolution light microscopy
and achieved more precise registration between light microcopy and electron
microscopy165.
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Software and hardware developments are indispensable for the explosion of cryo-EM in
the recent years. The major technical advancements in hardware are the commercially
available direct electron detector with increased quantum efficency86,166-169 and the
phase plate72,96-98,170. For detailed explanations, please refer to the advanced technical
developments of the review paper from our lab (Wright group, Emory University). In
addition to the hardware development, there are many developments in the image
processing field which includes motion correction87,88,171, contrast transfer function (CTF)
estimation and correction172,173, the maximum-likelihood software RELION90, rapid and
unsupervised processing software cryoSPARC92, and other well-established image
processing programs such as EMAN291,174,175 and SPIDER176.

Finally, the sample preparation step is the key to the success of a cryo-EM project. One
of the main considerations in sample preparation is the support grid. For negative
staining and thin sectioning TEM, carbon coated copper grids will be sufficient and it
serves the purpose very well. For cryo-EM imaging, in order to obtain the optimal
contrast of the specimen, it is more ideal to image at the regions where the carbon film is
absent, i.e., on the holey regions of the holy carbon grids, or commercially manufactured
Quantifoil grids. The Quantifoil grids have a layer of holey-carbon on the metal support
(copper, gold, or other kinds), and the regularly distributed holes on the grids are very
beneficial for high-throughput data collection. Recently, the Passmore group and the
Russo group at MRC Laboratory of Molecular Biology have developed a new kind of
support called ultrastable gold grids177-180. The implementation of ultrastable gold grids
can reduce beam-induced motion and reproductivity of sample preparation177, which will
ultimately help the high-quality sample preparation and high-resolution structure
determination.
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The future of cryo-EM is exciting! One day, cryo-EM will enable biologists “zoom-in”
anywhere inside a cell, a virus, or a bacteria and “see” their atomic structures, and the
functions of these nano-machines will be better understood. Thus, addressing the
existing and upcoming global human health issues will not be a fantasy any more.
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CHAPTER 2
PROMOTION OF VIRUS ASSEMBLY AND ORGANIZATION BY THE MEASLES
VIRUS MATRIX PROTEIN

This work presented here is excerpted from the following publications: Zunlong Ke,
Joshua D. Strauss, Cheri M. Hampton, Melinda A. Brindley, Rebecca S. Dillard, Fredrick
Leon, Kristen M. Lamb, Richard K. Plemper, and Elizabeth R. Wright. “Promotion of
virus assembly and organization by the measles virus matrix protein.” Nature
Communications (accepted, 2018).

Abstract

Measles virus (MeV) remains a major human pathogen, with recurrent outbreaks
impacting the pediatric population worldwide. Wide-spread use of live-attenuated MeV
vaccines has reduced the number of infections, yet MeV-induced fatalities globally
account for 100,000 deaths each year. There are presently no licensed antivirals to treat
MeV infections or other viruses in the paramyxovirus family. To elucidate the principles
governing paramyxovirus assembly and budding, we used cryo-electron tomography
(cryo-ET) to directly visualize MeV-infected human-derived cells. The three-dimensional
(3D) arrangement of the MeV structural proteins including the surface glycoproteins (F
and H), matrix protein (M), and the ribonucleoprotein complex (RNP) were characterized
at stages of virus assembly and budding, and in released virus particles. The M protein
was observed as an organized two-dimensional (2D) paracrystalline array on the
cytoplasmic face of the membrane in both the assembly sites and released virus
particles. The RNP complex remained associated with and in close proximity to the M
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lattice. A two-layered F-M lattice was revealed when the F and M layers were averaged
in the context of a larger volume. The F-M lattice suggests that interactions between
these proteins are present and may coordinate processes essential for MeV assembly.
In this model, the M lattice facilitates the well-ordered incorporation and concentration of
the surface glycoproteins and the RNP at sites of virus assembly.

45

Introduction

Paramyxoviruses are defined as pleomorphic, enveloped, non-segmented, negativesense single-stranded RNA viruses1. Many of these viruses cause notable diseases in
humans and animals. Members of the family include, amongst others, human
parainfluenza viruses (HPIV 1-4), MeV, Hendra virus, Nipah virus, avian paramyxovirus
1 (APMV-1, also known as Newcastle disease virus, and will be referred as NDV
thereafter), and Sendai virus1. Although an experimental viral polymerase inhibitor was
shown to be orally efficacious against members of the morbillivirus genus that includes
MeV2, there are limited antivirals against several members of the Paramyxoviridae
family. Paramyxoviruses enter the host cell via viral glycoprotein attachment to host cell
receptors followed by membrane fusion3-6. The replication process proceeds in the cell’s
cytoplasm and assembly of virus particles occurs at the cell plasma membrane4,7. The
process is completed when the infectious virus buds from the host cell membrane or
infects a neighboring cell8,9. Some common mechanisms are known to regulate
paramyxovirus assembly and budding4; however, there is limited native-state structural
information of these processes in the context of an infected host cell.

MeV is a canonical member of the Paramyxoviridae family1. The MeV RNA genome
encodes 6 structural proteins: two membrane-anchored surface glycoproteins (fusion
glycoprotein (F) and attachment glycoprotein hemagglutinin (H)); the matrix protein (M);
the nucleoprotein (N) which forms the ribonucleoprotein complex (RNP) that
encapsidates the viral RNA genome; and the large polymerase protein (L) and the
phosphoprotein (P) that form the RNA-dependent RNA polymerase (RdRp)10,11. The M
protein is thought to drive MeV assembly by physically recruiting the RNP and
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glycoproteins to the host cell’s plasma membrane12-15. X-ray crystallographic studies of
the M protein from NDV16 and the related Pneumoviridae family including respiratory
syncytial virus (RSV)17 and human metapneumovirus (HMPV)18 suggest that M proteins
associate with the cell membrane by electrostatic interactions. Studies have shown that
altered interaction between M and the cytoplasmic tail of H or F affects MeV viral
growth15,19, indicating the necessity for contacts between M and the glycoproteins during
assembly. Recent structural studies of NDV by cryo-ET and X-ray crystallography
demonstrated that the RNP complex is aligned with M protein arrays16. Furthermore, it
has been suggested that actin filaments play a role in the MeV assembly and budding
process by facilitating the transportation of M-RNP complexes20,21.

Cryo-ET studies of purified MeV particles22-24 have provided the first insight into the
presence and organization of the structural proteins in isolated virions. From these cryoET studies, no obvious glycoprotein ordering was observed22 even upon imaging a
recombinant MeV strain (recMeV-(H-118∇41×)) that harbors a modified H protein with
an extension of the helical stalk domain by 41 amino acids23,25. A tomography study of
HPIV3 illustrated that there is no local or long-range organization of the glycoproteins.
Large ordered arrays of HN tetramers in the ‘heads down’ conformation were present on
HPIV3 particles, but only in the absence of F, and F ordering was not present on any of
the particles26. Cryo-EM and cryo-ET investigations of other paramyxo- and
pneumoviruses have also indicated that there is no local or long-range ordering of the
fusion glycoproteins16,27-29. However, in a recent structural study of the fusion
glycoprotein of Nipah virus, Xu et al. reported that the fusion glycoprotein is capable of
forming a hexamer of pre-fusion trimers in the context of a protein crystal and by
negative stain TEM30. The authors propose that this arrangement may stabilize the F
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protein in the pre-fusion state prior to cell attachment. Furthermore, this organization
could enhance the coordinated triggering of the F trimers to support membrane fusion
and fusion pore formation. It is possible that this pattern of organization may exist on
native paramyxovirus particles; however, this coordinated structure of glycoproteins has
yet to be visualized. All together, these findings have provided information about the 3D
structure of intact viruses, the isolated F protein, and prospective models for the
attachment and fusion process.

A longstanding question in paramyxovirus biology is: do the M proteins of the
paramyxoviruses all function similarly to each other to support virus assembly and
budding or are there alternative pathways, especially in the case of MeV? Recently,
Liljeroos et al.22 proposed a MeV assembly model in which the M protein coats the RNP
complex as an external helical structure, without M present at the viral membrane. In
closely related NDV, Battisti et al. demonstrated that M and the RNP complex are in
register with each other along the viral membrane in virions16. Many studies have
reported negative stain TEM or cryo-EM structures of purified viruses, in which the
methods of virus production and purification may alter the virus particles sufficiently to
impact the interpretation of the data. Cryo-EM investigations of pleomorphic viruses by
whole-cell tomography methods, where the viruses are preserved on the grid during the
process of assembly and just after release from the host cell, have improved our
understanding of human immunodeficiency virus type-1 (HIV-1) assembly and particle
restriction31,32, Marburg virus budding33, as well as the incorporation and order of RSV
glycoproteins on intact virions34. Broader application of this method to paramyxoviruses
and other enveloped viruses will prove useful for defining the mechanisms that regulate
virus replication.

48

To date, we enjoy a relatively rich landscape of high-resolution structures of purified
individual components of MeV, including H35,36, RNP10, and structural homologs of M and
F16,37, but there is limited native-state 3D information that defines the processes of MeV
assembly and budding. To explore the structural mechanisms of MeV assembly and
budding, we used whole-cell cryo-ET to directly visualize MeV-infected human cells.
Here, we report that the M protein was present as 2D arrays with discrete C4
symmetrical unit cells on the inner leaflet of the plasma membrane at the MeV assembly
and budding sites, and in released viral particles. In addition, M made coordinated
contacts with the surface glycoproteins and the RNP complex that regulated the overall
architecture of MeV particles. Sub-volume averaging revealed ordering of the F
glycoproteins above the M protein arrays that accounted for a two-layered lattice (F-M
lattice). These findings support a model in which M is the driving force for MeV assembly
via the formation of a well-ordered M lattice on the cell plasma membrane through which
the glycoproteins and the RNP complex are coordinated.
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Results

Cryo-ET structures of MeV assembly and released particles
Our objective was to determine the arrangement of the MeV surface glycoproteins (F
and H), M, and the RNP complex during virus assembly, budding, and particle release
using whole-cell cryo-ET. Sites of MeV assembly were resolved by 2D cryo-TEM
imaging of MeV-infected HeLa and MRC-5 cells (Figure 2.1a, Tables 2.1-2.2, Movies
2.1-2.2). In these regions, the exterior of cellular membranes was decorated with the
surface glycoproteins and the M protein lined the interior face of the membrane, with the
RNP associating only with the M-lined regions (Figure 2.1b-c, Figure 2.2, Movies 2.12.3). In the cryo-ET data, we resolved in 3D the glycoproteins, M protein, and the RNP
complex at macromolecular resolution (2-5 nm) (Figure 2.1b-f, Figures 2.2-2.3, Movies
2.1-2.4). In order to fully assess the presence and placement of the two surface
glycoproteins, F and H, we infected cells with a previously characterized recombinant
MeV (recMeV) strain in which the H protein has an extended stalk domain23,25. We refer
to the recMeV strain as recMeV-(H-118∇41×) and the standard Edmonston strain as
Edm. In our cryo-ET data, the F and H proteins were interspersed and rarely partitioned
into separate clusters consisting of only F or H. The ultrastructure of the Edm and
recMeV-(H-118∇41×) assembly sites and released particles were indistinguishable from
one another in terms of gross morphology and in the physical arrangement of the MeV
structural proteins (Figure 2.1, Figures 2.2-2.3, Movies 2.1-2.4).

The glycoproteins and RNP were associated with areas of the membrane that contained
M protein, as seen in linear density profiles (Figures 2.2-2.3). In Edm MeV, density
peaks corresponding to the surface glycoproteins were 11 nm above the membrane, the
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M protein peak was 6 nm below the membrane, and the two RNP peaks were located 17
and ~29 nm below the membrane (Figure 2.2). In comparison, analysis of recMeV-(H118∇41×) revealed that the two surface glycoproteins were present at different heights
above the membrane, with F located ~8 nm above the membrane and H at an extended
height of ~19 nm above the membrane (Figure 2.1b-c, Figures 2.2-2.3). The M protein
was observed on the cytoplasmic face of the plasma membrane and on the inner face of
the viral membrane (Figure 2.1, Figures 2.2-2.3). In both viruses, the glycoproteins, F
and H, were preferentially located on M-lined areas of the membrane. Areas of the viral
and cellular membrane that lacked M protein were decorated with significantly fewer
glycoproteins (Figure 2.1b-c, Figure 2.4).
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Figure 2.1 Cryo-ET of MeV-infected HeLa cell. (a) An intermediate magnification
image montage of an Edm MeV-infected HeLa cell. Site of MeV assembly is indicated
by dashed white box and is the location where the tilt series was acquired. Asterisks
indicate released MeV particles, white arrows indicate MeV assembly site, and red
dashed lines indicate the cell membrane. (b) Tomographic slice (1.18 nm thick) of Edm
MeV assembly site. Black arrows indicate areas where M is absent on the viral
membrane in both (b) and (c). (c) 3D segmentation view of the cryo-ET data in panel
(b). Glycoproteins (purple), viral membrane (red), M (green), RNP (gold), and actin
filaments (magenta) at the assembly site. (d-f) Sequential tomographic slices (1.18 nm
thick) of a released virus particle (not shown in a) showing glycoprotein layer (d), M layer
(e) and RNP layer (f). Arrowheads indicate the same regions at different Z heights.
Scale bars are 500 nm (a) and 100 nm (b-f).
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Figure 2.2 Cryo-ET of MeV-infected cells indicates matrix protein drives
organization of glycoproteins and RNP in Edm and recMeV-(H-118∇41×).
Tomographic slices of Edm MeV (a, d) and recMeV-(H-118∇41×) (g, j) at the assembly
site (a, g) and released MeV particles (d, j). The M protein does not cover the entire viral
membrane and gaps were observed as indicated by the black lines. Corresponding
segmented views of Edm (b, e) and recMeV-(H-118∇41×) (h, k). (b, e, h, k): viral
membrane (VM) is red, M is green, glycoproteins are blue (Edm) or cyan (F in recMeV54

(H-118∇41×)) and yellow (H), RNPs are orange, and actin is magenta. Linear density
profiles through MeV assembly site (c, i) and released MeV (f, l). Density peaks of the
different viral components are indicated by the dashed lines, including the glycoproteins
(F/H), viral membrane (VM), M protein (M) and the RNPs. Scale bars are 100 nm.
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Figure 2.3 MeV glycoprotein differences between the MeV-Edm and recMeV-(H118∇41X) strains. (a) Model of MeV glycoproteins on the left and cartoon model of
MeV structural components on the right. The structural model from panel a was adapted
from Paal et al., 200925. (b-c) Cartoon representation (top) and tomographic slices
(bottom) of the two strains investigated in this study. Note the clear difference in the
height of F and H in recMeV-(H-118∇41X) strain. Scale bars are 50 nm. (d) Linear
profiles of the two strains. The MeV-Edm strain has only one glycoprotein (F/H) peak
while the in recMeV-(H-118∇41X) strain has two separate peaks for F and H.
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Figure 2.4 M protein regulates incorporation of glycoproteins into the viral
membrane at sites of assembly and in released MeV. (a-b) The number of
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glycoproteins incorporated into the viral membrane of Edm MeV with M present (black
dots) and areas of the viral membrane that lack M (red dots) at the assembly sites (a)
and in the released virus particles (b). (c) Glycoprotein density of MeV at the assembly
sites and in the released virus particles in the presence and absence of M. Note, most of
the membrane has M underneath and the presence of M is associated with longer
membrane lengths, indicated by black dots (a-b). The error bars represent the s.d. of
113 (Assembly with M), 126 (Release with M), 50 (Assembly without M), and 70
(Release without M) measurements indicated by the graph data points and data were
analyzed using t-test. When significant, p values are shown as a bracket between
groups by asterisks. *** indicates p < 0.001.
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In situ structure of MeV M protein 2D array
To gain further insight into the role of the MeV M protein in driving virus assembly and
promoting virus structural organization12-15, we examined the MeV M protein structure
from MeV-infected cells and released MeV particles. During virus assembly and in
released MeV particles, we visualized a layer of density lying underneath the viral
membrane, and we assigned this density to the M protein layer (Figure 2.1 and Figures
2.2-2.3)22. Further inspection of this layer showed the presence of higher-ordered M
protein assemblies (Figure 2.5). Power spectra from regions exhibiting well-ordered
patches of the M protein illustrated that the 2D arrays maintained C4 symmetry with
subunit spacing of 7.8 nm (Figure 2.5a).

To better resolve the structure of the subunits forming the M layer, we used sub-volume
averaging. Because the MeV assembly sites and particles were pleomorphic with
respect to membrane curvature, distribution of M lattices, and other viral factors, we
limited the sub-volume analyses to flat regions where the M lattice was clearly resolved
in the tomographic slices. Sub-volume averages were generated from individual
tomograms of both the Edm and the recMeV-(H-118∇41×) viruses, and both indicated
that the M lattice 2D arrays had four-fold symmetry (C4). No symmetry was imposed
during the alignment and averaging process. Power spectra of the averaged structure
demonstrated that the spacing between the nearest M subunits was ~7.8 nm (Figure
2.5), which was consistent with the raw tomographic data. In order to validate the
spacing and subunit arrangement, the NDV M dimer16, a structural homolog of MeV M,
was modeled into the averaged 3D volume. The crystal structure density corresponded
to the averaged EM density and the MeV M subunit contact points in the hypothetical
model revealed plausible similarities with that of NDV M protein (Figure 2.5c-d).
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Figure 2.5 MeV M protein forms a 2D paracrystalline array. (a) Tomographic slice
showing a representative M array from Edm MeV-infected HeLa cells. Inset is the power
spectrum indicating a four-fold symmetric structure with 7.8 nm spacing between
subunits. (b) Sub-volume average of the M protein array indicates an improved SNR
structure with regular spacing. Black is density. (c) Model fitting of the NDV M dimer into
the averaged MeV M array density. Cyan and gold represent each monomer of the NDV
M dimer. (d) The enlarged view of (c), with blue and gold arrowheads indicate the two
dimer interfaces. Scale bars are 100 nm in (a), 10 nm in (b-c), and 5 nm in (d).
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F glycoprotein forms a 2D lattice with a four-fold symmetry
To analyze the ordering of the glycoproteins, we used recMeV-(H-118∇41×) as our
study target because the two glycoproteins were distinguishable due to the separation in
height of the head domains (Figure 2.6, Figures 2.2-2.3, Movie 2.4)23,25. In most areas
within the assembly sites or on released virus particles, individual glycoproteins could be
appreciated, but no specific order of the glycoproteins relative to each other emerged. At
some assembly sites, we identified regions with high order at the level of the F layer
(Figure 2.6). Power spectra generated from these regions showed a clear four-fold
symmetry with an F subunit spacing of ~11 nm (Figure 2.6a, inset). This distance (11
nm) corresponds to the diagonal of a square with sides of 7.8 nm, which is consistent
with the measured M subunit spacing. Sub-volume averaging of the F layer
demonstrated that the F glycoprotein could assemble as an extended lattice with fourfold symmetry and subunit spacing of ~11 nm (Figure 2.6c). The organization identified
in both the raw data and the sub-volume averages was validated by individual
measurements of glycoprotein arrays along the plane of the membrane and revealed a
spacing of 10.8 nm (with a standard deviation (s.d.) of ± 0.8 nm) (Figure 2.6d). We then
docked a MeV pre-fusion F homolog (PIV5 pre-fusion F, PDB ID: 2B9B)37 into the raw
EM densities of the F glycoproteins (Figure 2.6b). The PIV5 F structure coordinated well
with the trimeric shape of the MeV pre-fusion F density that was visible in the raw
tomogram. We further confirmed that the trimeric densities were associated with prefusion MeV F by generating sub-volume averages from an isolated patch of F (Figure
2.6e-f) and regions intermixed with F and H (Figure 2.7). In both cases, the sub-volume
averages provided confirmation that the densities were MeV F. Interestingly, the fourfold symmetry lattice of MeV F resolved by whole-cell cryo-ET is distinct from the more
irregular arrangements observed by cryo-ET of purified virus particle preparations of
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Sendai virus27, RSV29,38 and HPIV326 as well as the well-ordered, highly packed
hexameric structure of the Nipah virus fusion glycoprotein determined by X-ray
crystallographic means30.
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Figure 2.6 MeV F glycoprotein forms a 2D paracrystalline lattice with four-fold
symmetry. (a) Tomographic slice showing the F glycoprotein layer from recMeV-(H118∇41×)-infected HeLa cells at an assembly site. The inset is the power spectrum of
the F layer, which indicates four-fold symmetry with subunit spacing of ~11 nm. Black is
density. (b) The enlarged region in (a) (white box) with an isosurface rendering showing
the F ordering. Three F trimer densities were fitted using PIV5 pre-fusion F glycoprotein
structure (PDB ID: 2B9B). (c) Sub-volume averaged structure of the F layer showing
spacing with four-fold symmetry. Black is density. (d) Measurements between two
nearest neighboring F glycoproteins (white line in b) indicate an average distance of ~11
nm, consistent with the power spectrum analysis and the sub-volume averaged structure
(white line in c). The error bar represents the standard deviation (s.d.) of 100
measurements (graph data points). (e-f) Sub-volume average of F glycoprotein trimer
indicates F is in the pre-fusion conformational state, validated by model fitting of PIV5
prefusion F structure (PDB ID: 2B9B). Scale bars are 50 nm (a) and 10 nm (b-c, e-f).

64

Figure 2.7 Sub-volume average of MeV F glycoprotein from a mixed population of
H and F glycoproteins. (a) Central slice of the averaged F structure. (b-c) Side and top
views of the averaged F glycoprotein trimer, validated by model fitting of PIV5 pre-fusion
F structure (PDB ID: 2B9B). Scale bars are 10 nm.
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The organization of a two-layer F-M lattice
In order to assess whether M and F can assemble into a complex that maintains two
overlaid lattices (F-M lattice), we carried out sub-volume averaging on larger volumes
that contained both M and F. After iterative alignment and refinement, a structure with a
two-layer lattice complex emerged: the M lattice under the membrane with four-fold
symmetry and the F lattice above (Figure 2.8, Movies 2.5-2.7). The M lattice from the
two-layer F-M lattice structure (Figure 2.8) was indistinguishable from the M-only lattice
(Figure 2.5); the spacing and lateral coverage were comparable, with ~7.8 nm spacing
between the subunits. The F lattice from F-M lattice complex has ~11 nm subunit
spacing, which corresponds to the diagonal of a square with sides of 7.8 nm, and was
equivalent to the F-only lattice (Figure 2.6a-c). In addition, the central density of the
individual units of the F lattice was ~12 nm above the densities associated with the M
lattice, which was consistent with the linear density profiles (Figures 2.2-2.3, Figure
2.8). We noted that the two lattices were interspersed in a unique way that could be best
appreciated when the sub-volume average was viewed as an XY 2D-projection. First,
each F subunit was surrounded by four M densities and the distance from each M to the
center F was ~5.5 nm (Figure 2.8c1-4c3, Movies 2.5-2.6). Second, the F-M lattice unit
cells maintained an alternating pattern of coordination where an empty ‘glycoprotein’
position was interspersed in the lattice. This location could be attributed to the location of
the H glycoprotein, as proposed by Battisti et al. for the glycoproteins on NDV particles16.
The initial model (see Methods section) suggests an ordering of the F layer with a
spacing of 7.8 nm (Figure 2.9). This initial model was generated assuming the
glycoprotein has the same periodicity as the M layer, as done in the case of NDV16.
Assuming the same periodicity between the F layer and M layer would result in an initial
model with 7.8 nm spacing (Figure 2.10). However, a close inspection and analysis of
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the F glycoprotein layer revealed that the spacing is 11 nm (Figure 2.6). We examined
the organization of the H layer in both the Edm and recMeV-(H-118∇41×) viruses by
extending the calculated region of the sub-volume. However, consistent spacing within
the H layer was not revealed (Figures 2.9, 2.11). To further evaluate the structural
complexity of the H layer, we generated power spectra, sub-volume averages, and
variance maps of the H layer with the recMeV-(H-118∇41×) data (Figure 2.9). Power
spectra and sub-volume averages of the MeV H layer did not show a periodic spacing of
H at either 7.8 nm or 11 nm (Figure 2.11). Variance maps indicate high variance
localized on the H layer, suggesting flexibility and disorder of the H glycoproteins on
MeV particles (Figure 2.9. Together, these data revealed substantial structural
heterogeneity in the H layer, which is consistent with other results that indicate the
paramyxovirus attachment proteins are structurally flexible due to conformational states
and glycosylation levels39,40.
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Figure 2.8 Sub-volume average of the MeV F-M lattice layers. (a1-b3) Tomographic
slices of the ordered F-M lattice. Pixel size is 5.88 Å at binning 2. Central slices at Z = 65
(black, M) and Z = 87 (blue, F) are shown for Edm (a1-a3) and recMeV-(H-118∇41×)
(b1-b3). (c1-c3) Segmentation view of recMeV-(H-118∇41×) F-M lattice demonstrates
the densities corresponding to M (c2), F (c3) and the F-M lattice overlay (c1, F on top of
M). Subunit distance between M (black line) is 11 nm and F (blue line) is 7.8 nm. Black
is density in a1-b3. (d) Graphic representation of F and H in recMeV-(H-118∇41×) virus
strain. Note the height differences in F and H in this virus strain. Black is density. Scale
bars are 5 nm.
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Figure 2.9 H glycoprotein does not form a 2D lattice and is highly variable. (a1-a4)
Representative views of initial sub-volumes extracted from raw tomograms of the
recMeV-(H-118∇41×) strain. Note, due to missing wedge in the tomogram, the slices
were from the same tomogram but not the same location. (b1-b4) Tomographic slices of
initial model, indicating there are densities at the H layer, along with M lattice and F
lattice. (c1-c4) Classification results indicate that the lattice of M and F preserves, while
H layer density is very weak and loss of regularity. (d1-d4) Variance maps of initial
model (d1-d2) and class average (d3-d4). d1 and d2 indicate that there is high level of
variance in the glycoproteins, most likely due to mixture population of H. Asterisks in d1
(initial model b1) correlate with asterisks in d2 (variance). Asterisks in d3 (class average
c1) correlate with asterisks in d4 (variance). Black is density in the density maps (a1-c4,
d1, d3) while black is low variance and white is high variance in variance maps (d2, d4).
The red lines (true spacing of diagonal F) indicate 15.6 nm, white lines indicate 7.8 nm
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(true spacing of M, artifact spacing of F and H layers), and the blue lines (true spacing of
the nearest F) indicate 11 nm. Scale bars are 10 nm.

70

Figure 2.10 The organization of F lattice during the sub-volume averaging
process. (a) The spacing of the F glycoprotein lattice on XY view, sub-volume 1. The
spacing of F lattice is 11 nm. (b) Shift the whole sub-volume 1 to the right by the spacing
of M lattice (7.8 nm) to get sub-volume 2. F lattice shifts from the blue (a) to the red (b).
(c) The average of the two sub-volumes (1 and 2) without alignment results a misrepresented average (spacing of 7.8 nm) of the F lattice while M lattice will still be
perfectly aligned with a spacing of 7.8 nm. This helps explaining the spacing in Figure
2.10. The top panels are the schematic diagrams and the bottom panels are sub-volume
average slices. The blue asterisks represent F subunit density in sub-volume 1, the red
asterisks represent F subunit density in sub-volume 2, and the white arrow indicates the
shift spacing of 7.8 nm. Scale bars are 10 nm.
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Figure 2.11 The ordering of MeV membrane-associated proteins from recMeV-(H118∇41X) strain. (a) 2D slice and power spectrum of the M layer. The top panels are
the representative 2D slices from different volumes, and the bottom panels are the
corresponding the power spectra. Note there is ordering on M layer. (b) 2D slice and
power spectrum of the F layer. The top panels are the representative 2D slices from
different volumes, and the bottom panels are the corresponding the power spectra. Note
there is ordering on F layer. (c) 2D slice and power spectrum of the H layer. The top
panels are the representative 2D slices from different volumes, and the bottom panels
are the corresponding the power spectra. Note there is no ordering on H layer. (d-f) Subvolume averaging of the M, F, and H layers, separately. (g) Examples of the local
ordering of H layer indicated by the red circles and corresponding 3 x zoom-in views.
Scale bars are 20 nm (a and g) and 10 nm (d).
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M lattice has a tight association with the RNP complex
In the raw data, we resolved the RNP complex directly beneath the M layer at sites of
assembly and in released virus particles (Figure 2.1, Movies 2.3, 2.8). We, therefore,
sought to determine whether there were coordinated associations between M and the
RNP complex. First, we observed that the directionality of the extended M lattice
matched the orientation of the RNP helix (Figure 2.12e-g, Movie 2.3, 2.8). Specifically,
the ordered M lattice was in register with the path of the RNP complex at the sites of
assembly and in the released virus particles (Figure 2.12c-g). To further examine the
helical RNP structure, we produced sub-volume averages of the RNP complex. The
detailed procedures can be found in the Methods. The global averaged structure
maintained a left-handed helix10,22 with a helical pitch of 7.8 nm (Figure 2.12a). Within
the global average, the densities associated with the averaged structure towards the
central segment of the helix were stronger while the top and the bottom segments of the
RNP helix were weaker (Figure 2.12a, Figure 2.13). To determine if the reduced
densities within the map represented variability in the RNP structure and the presence of
sub-classes within the global average, we carried out principle component analysis
(PCA) and K-means clustering41. From this, we identified two global classes of the RNP
with different helical pitches, yet the ~19 nm diameter of the helices remained the same
(Figure 2.12b, Figure 2.13). One helix class was more compact with a pitch of 7.3 nm;
the other was looser with a pitch of 8.3 nm. We then placed the two helix classes into the
raw tomograms and found that the RNP is quite variable even along a single continuous
RNP complex, accounting for the variation in helical pitch (Figure 2.12c-d, Movie 2.8).

Previously, Liljeroos et al.22 proposed an assembly model for MeV in which the M protein
coats the RNP complex as an external helical structure. However, this data was derived
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from preparations of purified MeV particles. These particles could have been maturation
or structural intermediates, defective interfering particles, or structurally compromised
due to the purification process. Our results demonstrated that the M layer formed distinct
2D lattice arrays along membranes where the surface glycoproteins and RNP complex
co-organized (Figure 2.1 and Figure 2.5), in agreement with the assembly model of
closely related NDV16. In rare circumstances, in data from released virus particles, we
observed M-coated RNP complexes that were detached from the viral membrane
(Figure 2.14). However, analyses of the surface glycoproteins demonstrated that they
were in the extended, triggered, post-fusion conformational state (Figure 2.14).

MeV is known to be polyploid and viruses are capable of incorporating more than one
genome copy without impacting overall virus infectivity42,43. Therefore, we measured the
length of the RNP complexes38 to assess whether the calculated genome length within
the released particles could correspond to a full-length RNP, which is ~1.3 µm42,43
(Figures 2.14-2.15, Movies 2.9-2.10). Our calculations revealed that MeV particles
contain either a truncated genome (< 1.3 µm RNP length), a single genomic copy (1.3
µm RNP length), or multiple copies of the genome (> 1.3 µm RNP length), as shown in
Figures 2.14-2.15. Viral particles with a truncated genome, based on the RNP length,
are presumed non-viable.
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Figure 2.12 MeV RNP average and its spatial organization with M lattice. (a) Global
average of MeV RNP with central slice side and top views (left), cartoon representation
(middle), and isosurface rendering (right). (b) Classification reveals two classes with
different helical pitches. (c-d) RNP class average distribution in the raw tomograms.
White arrowheads indicate the directionality of the RNP. (e-f) The enlarged view of the
white box in (d) showing tomographic slices of MeV at M layer (e) and RNP layer (f).
Black squares indicate M lattice; red helices indicate the RNP helices. Note the
directionality of M lattice is in register with RNP directionality. (g) Schematic model of M
and RNP interaction and 3D organization. Black is density. Scale bars are 10 nm (a-b),
100 nm (c-d), 50 nm (e-f), and 20 nm (g).
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Figure 2.13 MeV RNP classifications. (Top) Tomographic slices of the top and side
views of each class average and global average. (Bottom) Isosurface rendering of each
sub-volume average. The color scheme is the same as Figure 2.5. Black is density.
Scale bars are 10 nm.
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Figure 2.14 Coated and uncoated RNP from MeV-infected cells. (a-c) Tomographic
slices of M-coated RNP (thick) examples. White arrowheads indicate uncoated RNP
(thin) and black arrowheads indicate M-coated RNP (thick). The red arrowhead indicates
the connection between thick and thin RNP from a continuous linear RNP. (d) An
example of a released MeV with uncoated RNP. Numbers (a-d) on the bottom left
indicate the RNP length. (e) Glycoprotein height measurements indicate the
glycoproteins are shorter (12.1 nm, likely pre-fusion state) when RNP is uncoated (thin)
than the glycoproteins (16.4 nm, likely post-fusion state) when RNP is coated (thick).
The error bars represent the s.d. of 50 measurements (thin) and 52 measurements
(thick) indicated by the graph data points. Scale bars are 200 nm.
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Figure 2.15 Quantification of RNP length from Edm MeV particles. (a) Individual
RNP length measurement from tomographic reconstruction. The dashed line indicates
one genomic copy (1.3 µm) of the RNP length. (b) A table shows the measurements
plotted in a. (c) Model views of the RNP length (top panels) and corresponding
tomographic slices (bottom panels) of the 8 MeV particles. Blue lines indicate coated
RNP and the pink lines indicate uncoated RNP. Particles 1, 3, and 4 are shown in
Figure 2.14. Scale bars are 100 nm.
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In order to assess the relationship between M, the RNP, and virus infectivity, we carried
out heat-treatment experiments on MeV-infected cells. It has been shown that heattreatment (60 ºC) triggers the transition of MeV prefusion F to postfusion F6. Heattreatment experiments showed a drastic decrease in the viral titer within 5 minutes
(Figure 2.16). Cryo-ET indicates that when MeV-infected cells are heat-treated, the
majority (85%) of the viral membranes are devoid of the M layer. When heated for 30
minutes, M detaches from the membrane, and the viral membranes rupture (Figure
2.16). Only one viral particle of the heat-treated sample (27 particles investigated) had
an M-coated RNP. In addition, that the MeV titer decreases over time44 suggests that
there is a correlation with the structural re-organization of MeV particles (and possibly
MeV M) over the same time frame.
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Figure 2.16 Heat-treatment affects MeV structural proteins organization. (a)
Titration of the MeV-infected HeLa cells over 30 minutes time period when heat-treated
at 60 ºC. Limit of detection as indicated by the red dashed line. * indicates the
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undetected titer at 10 and 30 min time points. The error bars represent the s.d. of three
independent experiments. The box plot indicates the upper (3rd quartile) and lower limit
(1st quartile) of the range. (b-f) Representative tomographic slices of MeV particles at
designated time points, i.e., 0 min (b), 2.5 min (c), 5 min (d), 10 min (e), and 30 min (f),
corresponding to the titration experiment. Note the detachment of the M layer at time
points 5 min and longer. Broken viral particles were frequently observed at 30-min time
point. The red circles indicate the aggregated proteins inside the heated particles (d-e).
Scale bars are 200 nm (b-f).
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Discussion

The M protein is known to drive MeV assembly and budding4,45 by interacting with the
surface glycoproteins12,14 and the RNP complex13 and acts to concentrate them on the
host cell’s plasma membrane. Our analysis of the structural organization of MeV among
the 57 tomograms and 89 assembly/budding events examined (Table 2.1) revealed that
the presence of the surface glycoproteins and the RNP complex are highly correlated
with the presence of the M protein (Figure 2.1-2.2, Figure 2.7, Figure 2.12, Movies 2.12.4), which agrees with previous cryo-ET studies of purified paramyxoviruses, such as
Sendai virus27, NDV16 and the pneumovirus RSV28,29.
A recent study concluded that the M protein does not attach to the viral membrane but
rather forms a helical tube and tightly associates with the RNP helical structure (Mcoated RNP)22. Our whole-cell cryo-ET data suggests that the M protein forms a 2D
paracrystalline array under the viral membrane (Figure 2.5), which is similar to the M
organization in NDV, a closely related paramyxovirus16. Recently, the crystal structure of
an orthomyxovirus (infectious salmon anemia virus) matrix protein was determined. The
2D lattice was formed by matrix monomers, which may highlight mechanisms that
underlie matrix protein self-polymerization, membrane association, and matrix proteinRNP interactions46.

Furthermore, the MeV F glycoprotein formed a 2D lattice with a subunit spacing of ~11
nm (Figure 2.6) that created a coordinated two-layered lattice with M, and may be
considered a co-assembly complex (Figures 2.8-2.9, Movies 2.5-2.6). As far as we
know, this is the first direct evidence showing that the MeV F and M interaction is
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spatially co-organized. It provides structural evidence to support a molecular mechanism
in which M is the driver of virus assembly and interacts with the F glycoprotein.

Two forms of the RNP complex were reported previously, the M-coated RNP (rigid, ~30
nm in diameter)22,47,48 and uncoated RNP (flexible, ~20 nm in diameter)10,22,49,50. In our
study, the RNP complex is predominantly uncoated in released virus particles, and
exclusively uncoated at the sites of assembly (Figures 2.1-2.2, Figure 2.12, Movies
2.1-2.4). Sub-volume averaging of the uncoated RNP complex revealed two global
classes of RNP at both the assembly sites and within the released particles (Figure
2.12-2.13). This structural plasticity in vivo agrees with the in vitro study in that the RNP
exhibits structural variation within one helical fiber49, indicating that this conformational
flexibility is independent of other viral or host factors. It is unclear why MeV evolved to
have such structural plasticity for the RNP49. We calculated that the averaged RNP
helical pitch (7.8 nm) matches the M lattice subunit spacing (7.8 nm), which suggests
that the association between the M lattice and the RNP complex is additional structural
evidence for M governing the assembly process. Furthermore, the flexibility in the
structure of the uncoated RNP complex is likely coupled with the pleomorphic nature of
the virus particle and the requirement for the RNP to bend and mold along the trajectory
of the M lattice and membrane. In rare cases a rigid M-coated RNP complex was
observed in the released MeV particles (Figure 2.14). It is possible that the RNP
complex undergoes a structural and functional transition, either coordinated with virus
maturation or with damage. It is also possible that virus particles with an M-coated RNP
are non-infectious. Titration of the heat-treated samples indicates that the particles are
non-infectious after incubating at 60 ºC for 10 minutes. Cryo-ET data of the heated
specimens showed that a disordered material began to aggregate inside the viral
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particles, which was also correlated with the detachment and loss of M from the viral
membrane (Figure 2.16). In these experiments, we did not observe a positive
association between heat-treatment and the frequency of the M-coated RNP. Our results
do lean towards a positive correlation between the presence of M along the viral
membrane and higher viral titer values, which indicates a larger population of infectious
particles. However, within the populations examined, no apparent relationship existed
between the M-coating of the RNP and the infectious nature of the virus particles. Future
studies could determine whether the RNP compresses to dimensions associated with a
lower helical pitch of ~5-6 nm49 due to a transition state much later than the initial
processes of virus assembly and release in which the RNP maintains an expanded
helical pitch of ~7-8 nm (Figures 2.12-2.13). In addition, the mechanisms of how MeV M
protein detaches from the viral membrane and coats the RNP complex as well as the
biological functions of the M-coated RNP in MeV particles are still unknown and require
further investigations.

Based on cryo-ET studies of purified MeV, researchers proposed a model in which the M
protein first coats the helical RNP in the cytoplasm of infected cells; the M-RNP complex
is then co-transported to sites of assembly on the plasma membrane22. Whole-cell cryoET of MeV virus assembly provided direct evidence for us to propose an alternative
assembly model (Figure 2.17, Movie 2.7). In this model, the M protein coalesces along
the host cell membrane where it concentrates the surface glycoproteins and the RNP by
direct protein-protein interactions. Budding and release are driven by membrane
remodeling mediated by the M protein 2D lattice. After budding, the M protein remains
attached to the viral membrane and restricts lateral movement of the glycoproteins. This
study suggests that the oligomerization of the MeV M protein into ordered arrays
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regulates the spatial arrangement of the surface glycoproteins and the RNP complex,
and that this is a common assembly mechanism shared among members of the
paramyxovirus family.

87

Figure 2.17 MeV assembly model. At the assembly site, viral components, including
glycoproteins F and H, matrix protein (M), and RNP complexes, accumulate at the
plasma membrane to initiate the assembly process. Actin filaments are potentially
involved during the process. At the assembly site, M is the driving force which
orchestrates the whole process by interacting with F and RNPs in a timely and spatially
organized manner: M forms a 2D lattice under the envelope, F forms another 2D lattice
interspersed above the M lattice, and RNP complexes lie under the M lattice with some
degree of flexibility. H is incorporated at sites of assembly but does not appear with high
spatial ordering. Once assembled, viral particles undergo an unknown scission event
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and bud off the plasma membrane. After release, the viral particles are free to infect the
next cell.
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Materials and Methods

Cryo-grid preparation. Details of sample preparation were described previously51.
HeLa (ATCC CCL-2), MRC-5 (CCL-171), and Vero (CCL-81) cells were maintained in
DMEM medium supplemented with 10% fetal bovine serum (FBS), 1 µg/ml penicillin,
streptomycin, and amphotericin B (PSA) antibiotics. Cells were maintained at 37°C with
5% CO2. 50,000 - 100,000 cells were seeded on gold R 2/1 Quantifoil TEM grids
(Quantifoil) in MatTek dishes (MatTek Corp) 16-24 hours prior to infection. Cells were
inoculated with MeV strains (Edm or recMeV-(H-118∇41×), provided by Professor
Richard Plemper, Georgia State University) at a multiplicity of infection (MOI) of 1, 2, 6,
or 10. After 24-48 hours incubation, the MeV-infected cells on the grids were plunge
frozen in liquid ethane using the Gatan Cryoplunge 3 (Gatan, Pleasanton, CA) after
applying 4 µl of BSA-treated 10 nm gold fiducials (EMS)51 directly onto the grid. Cryogrids were stored in liquid nitrogen until imaged.

MeV thermal stability assay. For the heat treatment experiment, HeLa cells were
seeded onto gold R 2/1 Quantifoil grids in MatTek dishes, and infected at a MOI of 2 with
MeV Edm strain. Twenty-four hours post infection, the MatTek dishes containing the
infected cells were incubated at 60 ºC for the indicated time points6. Immediately after
heat treatment, the grids were plunge frozen as described above. Meanwhile, the
remaining infected cells from the same MatTek dish (where the grids were cultured)
were scraped, harvested, and subjected to TCID50 titration.

Virus titration was performed using the endpoint method and the virus titer was
expressed as TCID50 per ml (TCID50/ml) calculated with the Spearman-Karber
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method52,53. Briefly, the virus sample was serially diluted from 10-1 to 10-6. 50 μl of the
diluted virus was added to the confluent Vero cells in 96-well plates. Eight replicates
were performed at each dilution for each sample. The infected cells were incubated for 4
days before determining the titration based on the cytopathogenic effect. Three
independent experiments were performed to show the effect of heat treatment on virus
titer and structural organization.

Data collection, 3D reconstruction, and image processing. Data collection and
image processing procedures were previously outlined51 and parameters used for data
collection are presented in the supplementary materials (Table 2.2). Cryo-ET data
collection was carried out using a JEOL JEM-2200FS 200 kV FEG-TEM (JEOL Ltd.,
Tokyo, Japan) with an in-column Omega energy filter (slit width 20 eV). Polygon
montages were collected at 10,000 x nominal magnification using a US4000 4k x 4k
camera (Gatan, Pleasanton, CA). Tilt series images were collected on a DE-20 ~5k x 4k
direct electron detector (Direct Electron LP, San Diego, CA) in movie mode. Images
were acquired at magnifications resulting in effective pixel sizes of 2.94 Å (20,000 x
nominal magnification) or 6.14 Å (10,000 x nominal magnification) on the level of the
specimen. Bidirectional tilt series were semi-automatically collected with 2° angular
increments using the SerialEM package54. A cumulative electron dose between 120 e-/Å2
and 140 e-/Å2 was used. All frames were motion corrected and damage compensated
using python scripts (DE_process_frames-2.8.1.py and DE_damage_compensate1.0.0.py) provided by Direct Electron. Tomograms were reconstructed from the aligned
images and CTF corrected by phase flipping using the IMOD software package55,56
(Movies 2.11-2.12). 3D volumes were segmented manually using the Amira software
program (FEI Visualization Sciences Group, Hillsboro, OR).
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Table 2.1 Tomograms of MeV assembly sites and released MeV particles from
infected HeLa and MRC-5 cells.

Cell
Line
HeLa
HeLa
MRC-5
MRC-5

MeV Strain

Tomograms

Assembly

Edm
recMeV-(H118∇41×)
Edm
recMeV-(H118∇41×)

20

12

11

9

32

20

17

8

13

38

10

4

2

4

10

7

3

3

3

9
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Budding Released

Total

Table 2.2 Cryo-ET data collection parameters.
Microscope
Voltage (kV)
Camera
Frame rate (fps)
Magnification (x)
Pixel size (data collected) (Å)
Defocus (µm)
Tilt series angle coverage (°)

JEOL JEM-2200FS (FEG, Omega energy filter)
200
DE-20
24
20,000
2.94
-4 to -8
-64 to + 64 (Bi-directional)

Tilt series increment angle (°)

2

Electron dose per tomogram (e-/Å2)

120 to 140
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Linear density profiles were measured from the tomographic slices in Fiji software28,57.
The number of glycoproteins and viral membrane lengths were measured from the
tomographic data; model points (scattered points) were placed on the glycoproteins and
the viral membrane (open contours) and the IMOD command imodinfo was used to
extract the quantitative data. Power spectra were generated in IMOD using the FFT tool.
Graphs and statistical analyses were done with GraphPad Prism version 6.0.

RNP length quantification was carried out using the reconstructed tomographic data in
IMOD package, similarly to what has been published27,28. Briefly, model points were
placed as open contours along the RNP in the tomogram (Figure 2.15, Movies 2.92.10). M-coated and uncoated RNP length measurements were done separately. RNP
segment lengths were extracted using the imodinfo command and were added together
to represent the total RNP length in the released MeV particle.

The H glycoprotein organization was analyzed using either the tomographic slices or the
projections onto the XY plane along the Z-axis. For the analysis, the recMeV-(H118∇41×) strain was used since the H and F glycoproteins can be distinguished based
on their height differences (Figure 2.3). Power spectra of the single tomographic slices
at the assembly sites were generated using the EMAN2 command58 e2proc2d.py
input.mrc output_powerspectrum.mrc --process=math.realtofft. Volumes of the F and H
layer (~8 nm thickness) were projected onto the XY plane along the Z-axis using the
IMOD command xyzproj, separately. The power spectra of the 2D projections were
generated using EMAN2 command as described above (Figure 2.11). The threshold
was adjusted manually to a level that the ordering of the glycoproteins could be identified
by the reflections.
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Sub-volume averaging. Sub-volume averaging was performed using the PEET
software package41,59. In some cases when the center of the mask was different from the
center of the sub-volume, binary masks were generated with SPIDER60. All tomograms
used for sub-volume averaging were collected at a pixel size of 2.94 Å, then binned by a
factor of 2. Tomographic volumes were normalized using e2proc3d.py command
(EMAN2)61 prior to iterative alignment and refinement in PEET (version 1.11.0 alpha).
The parameters used for each structure are summarized in Table 2.3.

Sub-volume averaging of the M lattice. For both Edm and recMeV-(H-118∇41×)
strains, the sub-volumes were manually picked from IMOD Slicer Window and centered
on the M layer from low-pass filtered tomograms (binned by 4). The distance between
the nearest sub-volumes was around 12 pixels (~ 7 nm). The initial orientations of the
sub-volumes were determined by rotating the tomogram so that the M lattice was
parallel to the XY plane and the RNP was vertical in the XY view in the IMOD Slicer
Window. An initial reference model was generated from the sub-volumes with the predetermined rotations and averaged in PEET. Sub-volume averages were iteratively
generated and refined using the tomographic data binned by 4 (pixel size 11.76 Å), and
then the coordinates scaled by 2 were applied to the tomographic data binned by 2 (pixel
size 5.88 Å). Sub-volume dimensions (X, Y, Z) in pixels (binned by a factor of 2) were
80, 80, 64. A soft-edge cylindrical mask (radius of 32 pixels and height of 16 pixels at
binning by 2) was applied to the M layer. The height of the mask was set to exclude the
densities corresponding to the glycoproteins and the RNP complex. The PEET
command modifyMotiveList and the initial XYZ angles from the Slicer Window were used
to create the initial motive lists. To compensate for the effect of the missing wedge on
the tomographic data, 8 weighted groups were used during the alignment and averaging
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process in PEET. To avoid density bias between sub-volumes, individual sub-volumes
were normalized. The initial reference model was generated from the unaligned subvolumes with the pre-determined rotations from IMOD Slicer window and averaged in
PEET. Iterations of alignment in 6 dimensions (translations and rotations) were
performed with decreasing search distances and angles; the reference was refined at
each iteration step. Duplicate and low cross-correlation coefficient (CCC) valued subvolumes were removed after iterative alignment and refinement. Sub-volumes within a
distance of 10 pixels (binned by 2) were treated as duplicates and all sub-volumes but
those with the highest CCC were removed (~50% were removed (1437 out of 2540 were
removed for recMeV-(H-118∇41×); 1241 out of 2200 were removed for Edm MeV). The
CCC value was set to the average CCC of all the remaining sub-volumes and another
~50% were removed (478 out of 1103 were removed for recMeV-(H-118∇41×); 473 out
of 959 were removed for Edm MeV). After removing the duplicates and low-CCC valued
sub-volumes, ~25% (625 out of 2540 for recMeV-(H-118∇41×); 486 out of 2200 for Edm
MeV) of the total sub-volumes were averaged into the final reconstruction62. No
symmetry was applied during the alignment and averaging process. The averaged
structure was low-pass filtered to 35 Å according to the frequency at FSC 0.5 cutoff
(Table 2.3, Figure 2.18).

Sub-volume averaging of the F lattice. Sub-volume averaging of the F lattice was
done in a similar way as the M lattice, except that the sub-volumes (96 X 96 X 96 pixels)
were picked and centered on the F layer from the recMeV-(H-118∇41×) tomographic
data and a soft-edge cylindrical mask (radius of 32 pixels and height of 72 pixels) was
used to include only the F layer. Iterative alignment was done similarly to the M lattice.
Briefly, the initial reference model was generated from the sub-volumes with the pre96

determined rotations from IMOD Slicer Window and averaged in PEET. Iterations of
alignment in 6 dimensions (translations and rotations) were performed with decreasing
search distances and angles, and the maximum search distance in X and Y directions
was 16 pixels. Missing wedge compensation was enabled with 8 weighted groups and
the reference was refined at each iteration step. No symmetry was applied during the
alignment and averaging process. The averaged structure was low-pass filtered to 45 Å
according to the frequency at FSC 0.5 cutoff (Table 2.3, Figure 2.18).

Sub-volume averaging of the F trimer glycoprotein. The sub-volume alignment
process was similar to the protocol we used for the RSV F glycoprotein averaging34.
Sub-volumes (64 x 64 x 64, 37.6 nm) were extracted from the reconstructed tomograms.
The distance between the nearest sub-volumes was 16 pixels (9.4 nm). SpikeInit (PEET
command) was used to determine the initial Euler angles and these initial Euler angles
were used to generate an initial model of F. A cylindrical mask (radius of 12 pixels and
height of 28 pixels) was used to eliminate the neighboring densities. We generated an
averaged structure of MeV F from a relatively homogeneous F only region on a recMeV(H-118∇41×) virus particle using top and side views, taking advantage of the height
differences between glycoproteins H and F (Figure 2.3). Since the MeV F glycoprotein is
known to be a trimer and can be seen in the tomogram as such, we applied three-fold
(C3) symmetry by rotating the sub-volumes 120 degrees and 240 degrees around the Y
axis in the motive list file. Iterative alignment and averaging steps were performed in 6
dimensions (translation and rotation), with decreasing search distances and angles at
each iteration step; the reference was refined after each iteration step. In order to
generate the averaged F structure from the mixed population of F and H in recMeV-(H118∇41×) sample, we extracted sub-volumes of F from the top and side views based on
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the glycoprotein height differences in H and F (Figures 2.3, 2.10). The averaged F
structure from above was used as the initial reference, and the process was done
similarly to the methods described above.

Sub-volume averaging of the F-M lattice. Sub-volume averaging of the F-M lattice in
both Edm and recMeV-(H-118∇41×) data sets was done similarly to the methods
described above for the M lattice. Briefly, sub-volumes (80, 80, 128 pixels, binned by 2)
were picked and centered on the M layer and a soft-edge cylindrical mask (radius of 32
pixels and height of 72 pixels) was used to exclude regions outside of the F and M
layers. After iterative alignment and averaging at the binning by 4 level, duplicate subvolumes and low-CCC valued sub-volumes were removed prior to final alignment and
averaging at the binning by 2 level. The procedures and criteria for removing the
duplicate and low-CCC valued sub-volumes for F-M lattice is the same as the M lattice.
Briefly, about ~50% (1357 out of 2540 were removed for recMeV-(H-118∇41×); 1138
out of 2200 were removed for Edm MeV) of duplicate sub-volumes were removed, and
another ~50% (574 out of 1183 were removed for recMeV-(H-118∇41×); 598 out of
1062 were removed for Edm MeV) of the low-CCC valued sub-volumes were removed
from the remaining sub-volumes62. About 25% (609 out of 2540 for recMeV-(H118∇41×); 464 out of 2200 for Edm MeV) of the particles were used for final
reconstruction (Table 2.3). References were refined after each iteration and missing
wedge compensation was enabled during the alignment and averaging process.

Sub-volume averaging of the RNP helix. Sub-volume averaging of the RNP helical
structure was done in PEET (Figure 2.19). The sub-volumes were picked in the IMOD
Slicer Window by rotating the RNP to be vertical (going down the Y axis). The XYZ
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angles from the Slicer Window were used to generate the initial motive lists using the
command modifyMotiveList. The initial model of the RNP helix was created using a small
set of sub-volumes, and the initial helix pitch (85.6 Å) was determined by measuring the
distance to make a full helix turn from the initial model. We applied helical symmetry
based on the known parameters of the MeV RNP structure10,11,22,49,50, a one-start lefthanded helix with ~13 subunits per turn, by modifying the rotational and translational
parameters of each sub-volume in the csv files (the aligned particle coordinates from
PEET) using the modifyMotiveList command. For alignment, a cylindrical mask (64
pixels in height) was used with an inner radius of 4 pixels and an outer radius of 24
pixels (pixel size 5.88 Å), and missing wedge compensation was enabled. After iterative
refinement and averaging, the global averaged structure showed a clear left-handed
helix, with stronger density in the central segment of the helix while the two ends were
weaker. We performed classification using principle component analysis (PCA) and Kmeans clustering with a cylindrical mask and generated class averages. When running
K-means clustering after PCA with the command clusterPca, we used 2, 4, 6, or 8 as the
nCluster parameter. The best results were obtained using 2 classes (1841 sub-volumes
in class 1 and 1084 sub-volumes class 2). When using greater than 2 as the nCluster
parameter, classes were generated based on the missing wedge artifact instead of the
variance in the RNP structure. Two classes of the RNP were generated as shown in
Figure 2.12. The PEET/IMOD commands createAlignedModel and clonemodel were
used to place the sub-volume averaged structure back into the raw tomogram. The EM
density of the RNP helix was visualized in Chimera software63.
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Table 2.3 Sub-volume averaging statistics.
Sub-volumes
Macromolec
ular
Complex

M lattice
(Edm)*
M lattice
(rec)*
F-M lattice
(Edm)
F-M lattice
(rec)
F lattice
(rec)
F trimer
(rec)
F trimer
(rec)

RNP (Edm)

Distan
ce
betwe
en
subvolum
es**

Initial
subvolum
es

Final subvolumes

2200

486

12

2540

625

12

2200

464

12

2540

609

12

224

224

16

539
987

225

1617
(C3)†
2961
(C3)†
2925
(Helical)†

16
16

14

Voxel
size (X,
Y, Z)

80, 80,
64
80, 80,
64
80, 80,
128
80, 80,
128
96, 96,
96
64, 64,
64
64, 64,
64
96, 96,
96

Mask
Dimensi
ons
(radius,
height)

Resolut
ion at
FSC 0.5
cutoff
(Å)

32, 16

35

32, 16

35

32, 72

50

32, 72

40

32, 72

45

12, 28

20

12, 28

25

(4, 24)#,
64

35

Notes:
* Edm indicates Edm MeV strain, rec indicates recMeV-(H-118∇41×) strain.
** indicates all the pixels are binned by 2 (pixel size is 5.88 Å).
# indicates the inner and outer radii are 4 and 24 pixels for the cylindrical mask,
respectively.
† indicates the symmetry applied to the final reconstruction.
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EMDB
access
ion
numbe
rs
EMD7565
EMD7566
EMD7590
EMD7591
EMD7587
EMD7588
EMD7597
EMD7594
EMD7595
EMD7596

Variance map and the organization of H glycoprotein. We did not detect ordering of
the H glycoprotein as seen in the M and F 2D lattices (seen in tomographic data, power
spectra, sub-volume averages in Figure 2.11). Tomograms of recMeV-(H-118∇41×)
virus did not contain ordered arrays of H, neither did the power spectra of tomographic
slices or sub-volume averages (Figure 2.11). In order to assess the lack of ordering of
the H glycoprotein, we generated variance maps from sub-volumes used to generate the
initial model and the aligned class average (Figure 2.7). To calculate the variance, we
applied a mask including only the F-H region, with the averaged structure being the
trueFile (PEET input, MRC format file representing an estimation of the true particle). All
particles, except for the duplicates and low-CCC valued sub-volumes, and the final
iteration number were used in the varianceMap analysis. The highest variance was seen
in the H layer and not the F layer or M layer (Figure 2.9).

Model fitting. X-ray crystal structures of the MeV M and F homologs were used for
model fitting in Chimera software63. The dimeric crystal structure of NDV M (PDB ID:
4GIL) was manually fitted into the low-pass filtered M lattice EM density map as rigid
body16. The trimeric crystal structure of PIV5 prefusion F (PDB ID: 2B9B, with the
trimeric coiled-coil GCNt domain removed)37 was manually fitted as rigid body into the
low-pass filtered F glycoprotein EM density. Visualization and image rendering were
done using Chimera program63.

Data availability. All relevant data are available from the corresponding author upon
reasonable request. All sub-volume averages have been deposited to the Electron
Microscopy Data Bank under the following accession numbers: EMD-7565, EMD-7566,
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EMD-7587, EMD-7588, EMD-7590, EMD-7591, EMD-7594, EMD-7595, EMD-7596, and
EMD-7597. See Table 2.3 for details.
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Figure 2.18 FSC curves of the sub-volume averages in this study. (a-h) FSC curves
of different macromolecular complexes in Edm strain and recMeV-(H-118∇41X) strains.
The particle numbers used are indicated in the insets. The pixel size of the final
reconstructions is 5.88 Å.
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Figure 2.19 Sub-volume averaging workflow as illustrated for MeV RNP complex.
The initial tomogram (a) was used to extract individual raw sub-volumes (b) and then
used for initial model building (c) in PEET. The initial model will be used as reference for
104

later iterations when doing iterative alignment and averaging process (d), which will
result in a global average (e). Using PCA and clustering, different classes were
generated based on structural heterogeneity (f). The resolution can be calculated (g)
and different classes can be placed back into the raw tomogram where the initial subvolumes were extracted (h). The scale bars are 100 nm (a, h) and 20 nm (b-e).
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Movie 2.1 Cryo-ET of MeV-infected HeLa cells at the assembly site. A MeV
assembly site from the frozen-hydrated Edm MeV-infected HeLa cell demonstrates the
viral structural organization in the context of whole-cell tomography.
Movie 2.2 Cryo-ET of MeV-infected MRC-5 cells at the assembly site. A MeV
assembly site from the frozen-hydrated Edm MeV-infected MRC-5 cell demonstrates the
viral structural organization in the context of whole-cell tomography. Scale bar is 200 nm.
Movie 2.3 Cryo-ET of a released MeV particle from MeV-infected cells. A released
MeV particle from Edm MeV-infected HeLa cells demonstrates the viral structural
organization. Note the M lattice and RNP are in register inside the native MeV particle.
Movie 2.4 Cryo-ET of MeV-infected cells at the assembly site. A MeV assembly site
from the frozen-hydrated recMeV-(H-118∇41×) infected HeLa cell demonstrates the
viral structural organization in the context of whole-cell tomography. Note the F lattice on
the surface of the native MeV particle.
Movie 2.5 Subvolume average of recMeV-(H-118∇41×) F-M lattice. Tomographic
slices going from the bottom to the top (round trip) of the averaged recMeV-(H118∇41×) F-M overlaid lattice structure. Black is density in the tomographic slices. In
the segmentation view, blue is F and cyan is M. Scale bar is 10 nm.
Movie 2.6 Subvolume average of Edm F-M lattice. Tomographic slices going from the
bottom to the top of the averaged Edm F-M overlaid lattice structure. Black is density.
Scale bar is 10 nm.
Movie 2.7 Model of MeV structural proteins organization. Segmentation of the F-M
lattice in conjunction with the RNP complex demonstrating the 3 layers of structural
protein organization.
Movie 2.8 Clonemodel view of RNP classes within a tomogram. The subvolumes
extracted from the tomogram were placed back into the original volume. The color
scheme is the same as Figure 2.5. Scale bar is 100 nm.
Movie 2.9 RNP length quantification of a released MeV particle. Tomographic slices
going from the bottom to the top (round trip) of a released MeV particle from MeVinfected cells. The color scheme is the same as Figure 2.16. The blue lines are coated
RNP while the pink lines are uncoated RNP. Scale bar is 200 nm.
Movie 2.10 RNP length quantification of a released MeV particle. Tomographic
slices going from the bottom to the top (round trip) of a released MeV particle from MeVinfected cells. The color scheme is the same as Figure 2.16. The pink lines indicate the
presence of the uncoated RNP. Scale bar is 200 nm.
Movie 2.11 Tilt series of MeV. Releases MeV particles from MeV-infected HeLa cells
collected using SerialEM software and images were aligned using IMOD software. Tilt
range is -62º to 62º at 2-degree step increment. Scale bar is 200 nm.
Movie 2.12 Reconstructed tomographic data from tilt series (MeV). The tilt series
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from Movie 2.11 was further reconstructed using back-projection algorithm in IMOD
software package and the 3D tomographic data was generated. Movies showing
tomographic slices from top to bottom of the volume. Scale bar is 200 nm.
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CHAPTER 3
THE MORPHOLOGY AND ASSEMBLY OF RESPIRATORY SYNCYTIAL VIRUS
REVEALED BY CRYO-ELECTRON TOMOGRAPHY

The work presented here is excerpted from the following publications: Z. Ke, R. S.
Dillard, T. Chirkova, F. Leon, C. C. Stobart, C. M. Hampton, J. D. Strauss, D. Rajan, C.
A. Rostad, M. Jin, J. V. Taylor, H. Yi, B. S. Graham, M. L. Moore, L. J. Anderson, and E.
R. Wright. “The morphology and assembly of respiratory syncytial virus revealed by
cryo-electron tomography”. Viruses (in preparation, 2018).

Abstract

Human respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract
disease in young children and immuno-compromised adults. RSV is a pleomorphic
enveloped RNA virus in the Pneumoviridae family. Recently, the three-dimensional (3D)
structure of purified RSV particles has been determined, revealing three distinct
morphological categories: spherical, asymmetric, and filamentous. However, the native
3D structure of RSV particles associated with or just released from infected cells has yet
to be investigated. In this study, we have used cryo-electron tomography (cryo-ET) to
study RSV structure from infected human cells in its close-to-native state. We have
established an optimized system for imaging RSV-infected cells on transmission electron
microscopy (TEM) grids by cryo-ET. Our results demonstrate that RSV is filamentous
across several virus strains and cell lines by cryo-ET, cryo-immuno EM, and thin section
TEM techniques. The viral filament length varies from 0.5 to 12 μm and the average
filament diameter is around 130 nm. Taking advantage of the whole cell tomography
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technique, we have resolved different stages of RSV assembly. Collectively, our results
will facilitate the understanding of viral morphogenesis in RSV and other pleomorphic
enveloped viruses.
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Introduction

Human respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract
disease in young children and immuno-compromised adults, including bronchiolitis and
pneumonia. In severe cases, complications due to the disease can lead to death1-3.
Despite its heavy hospitalization burden in the United States and worldwide, a licensed
vaccine is not yet available4,5.

RSV is an enveloped, negative sense, single-stranded RNA virus in the family of
Pneumoviridae1,6. The ~15.2 kb genome of RSV contains 10 open reading frames,
encoding nine structural proteins and two non-structural proteins. The attachment
glycoproteins (G), fusion glycoproteins (F), and the small hydrophobic proteins (SH) are
anchored on the outside of the viral membrane; the matrix protein (M) lines the interior of
the viral membrane. The viral genomic RNA is encapsidated in the ribonucleoprotein
complex (RNP) that is composed of the nucleoprotein (N), phosphoprotein (P), and the
RNA-dependent RNA polymerase (RdRp, L)1. This nucleoprotein-RNA complex forms a
helical assembly and serves as template for virus replication7,8. The M2 gene encodes
two proteins, M2-1 and M2-2. M2-1 is an essential transcription anti-terminator that binds
to RNA and is important for the synthesis of the full-length mRNAs9,10. Structurally, M2-1
forms a tetramer. It also functions as a linker protein between M and the RNP and is
important for regulating RSV structural organization11-14. The two non-structural proteins,
NS1 and NS2, encoded by the two promoter-proximal genes, are suggested to facilitate
virus growth by regulating type I interferon (IFN) activation and response pathways, but
their exact targets are yet to be characterized15-17.
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The two major antigens, F and G, protrude as spikes on the surface of the viral
membrane and they are the only two proteins that are targeted by neutralizing
antibodies18. While G has an epitope in the central conserved domain with
neutralization-sensitive properties18-20, F is a more potent and cross-protective candidate
for RSV vaccine design and structure-directed drug development4,18,21-24. F is a 574amino acid class I fusion protein that forms a trimeric structure with two conformational
states: the thermodynamically metastable prefusion state and the stable postfusion
state25,26. During the viral fusion process, the trimeric metastable prefusion form of F
rearranges into the irreversible 6-helix bundle postfusion form, which initiates the fusion
pore formation between the viral membrane and the host cell plasma membrane27. Due
to the essential role of the prefusion state of F in the virus entry process, maintaining the
F in its prefusion state is required to elicit a high-level host immune response. Studies
have shown that formalin-inactivated RSV (FI-RSV) leads to vaccine enhanced
respiratory disease28,29, and this can be attributed to the fact that prefusion-F is absent
on the surface of FI-RSV30. Thus, prefusion-F based immunogens are better candidates,
as demonstrated in recent studies on platforms of both live-attenuated RSV23,24 and
subunit vaccines22,31.

It has been suggested that M is the driving force for RSV assembly32-35. A recent study
by the Oomens group found that an RSV M-null mutant led to the failure of RSV viral
filament elongation, indicating the role of the RSV M protein in driving filamentous
particle formation33. RSV M forms a dimer and mutations at the M dimer interface
prevent assembly of both virus-like particles (VLPs) and viral filaments36. It was
suggested that residue Thr205 of the RSV M protein is responsible for the higher-order
oligomerization of RSV M, and mutations of Thr205 result in shortened RSV filament
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formation. Thus, the higher-order oligomerization of RSV M plays a role in RSV filament
elongation37. Although M is the driving force for filament formation, interactions between
M and the F cytoplasmic tail (CT) were suggested to be essential for RSV viral filament
formation38. Fluorescent microscopy together with scanning electron microscopy (SEM)
has shown that F can initiate short filament formation in the absence of M33.

There are two potential pathways for RSV filament assembly39. One pathway is that
virus assembly and maturation proceeds at the plasma membrane, similar to other
closely related paramyxoviruses39,40. An alternative route is that some steps of virus
assembly occur in the cytoplasm before complexes reach the plasma membrane39.
Recently, the Santangelo group proposed a model for RSV filament assembly; their
fluorescent microscopy results suggest that RSV filaments loaded with RSV proteins and
genomic RNA are formed in the cytoplasm prior to reaching the plasma membrane41,
suggesting the alternative pathway. However, to date, there is no cryo-electron
microscopy (cryo-EM) data of RSV-infected cells which has clarified the steps
associated with RSV assembly and what macromolecular complexes’ roles are during
the assembly process.

In this study, we demonstrate that RSV particles are filamentous when produced from
virus-infected human cells lines and virus-infected human primary cells. Our quantitative
analysis of the cryo-EM/ET data showed that the average length of the filaments is
around 1.5 µm with an average diameter of ~130 nm. The architecture of RSV was
further validated by immunogold labeling both of frozen-hydrated infected cell lines and
of fixed infected primary cells. In addition, we resolved that the fusion glycoproteins are
in the metastable prefusion state on the filamentous viral particles. Furthermore, the
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RSV assembly steps captured by cryo-ET provide a better understanding for the
formation of the filamentous RSV particles. Our results suggest that M regulates RSV
morphology since the M layer is associated with the viral membrane in filamentous
particles where the viral membrane is straight. To our knowledge, we are the first to
reveal RSV assembly steps at the plasma membrane in the native state at the
macromolecular resolution using cryo-ET. This will shed light on the establishment of the
relationship between RSV morphology, the conformational states of the surface
glycoproteins, and viral infectivity, thus contributing to vaccine development and
structure-directed antiviral drug design.
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Results

Optimization of the conditions for cryo-EM/ET sample preparation
In order to have a proper balance between the infectivity and the quantity of RSV
produced from the infected cells while keeping the cell confluency at a low level (30%50%), we tested the infection conditions at different combinations of time points and
Multiplicities of Infection (M.O.I.)24,42-44. One-step growth curves showed that at the 24hour time point the viral titer reached ~105 FFU/ml even at very low cell confluency,
indicating cells are actively producing infectious particles at this stage (Figure 3.1a).
Flow cytometry results showed that more than 20% of the cells were infected at a M.O.I.
of 10 (Figure 3.1b), and the titer of the cell-associated viruses (cell) reached ~106
FFU/ml (Figure 3.1c). Titration and RNA quantification analyses of different M.O.I.s at
24 h.p.i. show that with an increased M.O.I., both the viral titer and the total viral
genomic copy of the cell-associated viruses (cell) and released viruses in the
supernatant (sup) increased proportionally (Figure 3.1c-d). Our results suggested that
at a M.O.I. of 10 at 24 h.p.i., the cells are actively producing infectious particles,
indicating that the virus particles imaged by cryo-TEM are infectious and biologically
relevant (Figure 3.2). Filamentous particles have also been frequently observed by
fluorescent light microscopy and cryo-EM under these conditions in multiple cell lines42.
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Figure 3.1 Assessment of sample preparation conditions used for cryo-EM data
collection. (a) One-step growth curve of RSV A2 in BEAS-2B cells over a period of 36
hours at M.O.I. of 10. Infected cells were harvested at indicated time points and titrated
in Vero cells. (b-d). Flow cytometry, viral titer, and RNA quantification analysis of RSVinfected BEAS-2B cells, at indicated M.O.I.s after 24 h.p.i. This indicates that at M.O.I. of
10, infectious particles are produced at 24 h.p.i., indicating the particles being imaged
under the cryo-TEM are infectious. (b) Relative ratio of cells infected at indicated M.O.I.
by flow cytometry using mK+ signal, represented by the ratio of infected cells over the
total cells. (c) Viral titer at 24 h.p.i determined by fluorescent focal unit assay (FFU)
using mK+ signal. (d) Relative amount of viral RNA from infected cells determined by RTPCR represented by inverse CT values (1/CT). CT value is the number of cycles needed
to pass the background level. For all 4 experiments, error bars represent the standard
deviation of 3 independent experiments.
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RSV is filamentous independent of cell line
To determine whether RSV morphology is cell line or virus strain dependent, we
performed cryo-EM and cryo-ET data collection on virus-infected cells (Figures 3.2-3.3).
We acquired montage images of ~2,000 RSV particles from 2 virus strains and 4 cell
lines. Our 2D imaging data confirmed what has previously been reported about the
structure of RSV11,12. However, our examination of a large population of virus particles
from multiple virus strains and cell lines allowed us to determine that the majority of RSV
particles produced are filamentous (Figures 3.2-3.3). We have captured straight, bent,
and branched filaments (Figures 3.2). Using native cryo-immunogold labeling to the
RSV F glycoprotein44, we identified assembling and released filamentous RSV particles
(Figure 3.2b and 3.2c). 3D cryo-ET reconstructions of the released virus particles
indicates that the RSV A2 strain is filamentous from infected HeLa cells (Figure 3.3a).
The morphology of the RSV A2 strain is not cell type specific, as demonstrated in three
other human lung-derived cell lines, including human alveolar epithelial cell line (A549),
human bronchial epithelial cell line (BEAS-2B), and human fetal lung fibroblasts (MRC-5)
(Figure 3.3b-d). In order to investigate whether the phenotype is virus strain specific, we
tested a low-passaged clinical isolate strain (A/TN/12/11-19, TN strain). Our results
show that the morphology is consistently filamentous for the TN strain when propagated
from both BEAS-2B and HeLa cells (Figure 3.3e-f).
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Figure 3.2 Representative montages showing 2D projections of RSV-infected cells.
(a) Representative montages showing released viruses from RSV-infected cells.
Montage view of released viral particles captured from RSV A2 strain infected A549
cells. Sample was prepared as in method section. RSV morphology varies, with the
overall structure being filamentous, and some of the filaments are straight, while some
are bent. (b) Montage view of immunogold labeled assembly site from RSV-infected
cells. The region imaged is an active assembly site, with RSV filaments coming out from
the cell plasma membrane (dashed yellow line). (c) Zoom-in views of the boxed region in
a. Note the presence of 6-nm immunogold on RSV and absence of gold particles on cell
extension area (white arrows), but not on the cell extension region (black arrows). Scale
bars are 2 µm (a), 1 µm (b), and 500 nm (c).
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Figure 3.3 Cryo-ET of released RSV filaments from RSV-infected cells. (a-f) Cell
lines including HeLa (a, f) and lung derived cell lines A549 (b), BEAS-2B (d-e), and
MRC-5 (c) were infected with RSV A2 strain (a-d) or RSV TN strain (e-f). Among these
samples, filamentous particles were consistently observed under frozen-hydrated
conditions. Scale bars are 200 nm.
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RSV morphology quantification
We performed a quantitative analysis of the released viral particles to determine whether
viral filament length or diameter varied in viruses produced from different cell types.
First, we imaged newly released RSV particles from RSV-infected cells by cryo-EM
(Figure 3.4). We measured the filament length and diameter in the IMOD program using
the imodinfo command45. Among the 1800 particles quantified, 94% of them were
filamentous. Among the filamentous particles, virus length varied from 0.5 to 12 µm, with
an average of ~1.5 µm; the filament diameter was more consistent, with an average
diameter of 130 nm for all the viruses in different cell lines, although it ranged from 100
nm to 250 nm (Figure 3.4a-c). The results agree with a previous study that the
filamentous particle size can be up to 10 µm in length and on average ~200 nm in
diameter46,47. The distribution of both filament length and diameter in all groups are
similar to each other (Figure 4d-e). Based on the detailed structural analysis of the six
types of virus-cell combinations, we conclude that the predominant morphology of RSV
from the infected cells is filamentous across all the tested cell lines and virus strains.
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Figure 3.4 RSV morphology quantification in multiple virus strains and infected
cell lines. (a) Overall quantification of RSV filament length and diameter. (b) RSV
filament length distribution in indicated virus-infected cells. (c) RSV filament diameter
distribution. Note, the mean diameter of RSV filaments is around ~130 nm. (d-e)
Filament length (d) and diameter (e) distribution from A2-infected BEAS-2B cells.
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RSV morphology is filamentous from RSV-infected primary cells
To fully assess RSV morphology in a physiologically relevant environment, we
performed thin-section immunogold labeling TEM to analyze RSV structure from the
infected normal human bronchial epithelial cells (NHBE). In humans, the airway
epithelial cells are the first line of defense in the respiratory tract and are the primary
sites for RSV infection, understanding RSV structure and its assembly process from
these primary cells will provide information regarding RSV pathogenesis and its
associated diseases48,49. The differentiated NHBE cells are polarized cells cultured on
the air-liquid interface, and RSV is known to mature and release from the apical surface
of polarized epithelial cells50-53. These primary cells have cellular filaments such as cilia
and microvilli, which may make it difficult to differentiate RSV filaments from these cellbased structures. However, RSV particles have a 10-20 nm layer of glycoproteins
coating the viral membrane and a diameter of ~130 nm (Figure 3.5a-c). Cilia have a
clear “9+2” doublet on the cross section and lack glycoproteins on the outside (Figure
3.5d-e), while microvilli are significantly smaller in diameter and have thin and
filamentous structures surrounding them, allowing us to differentiate the RSV filaments
from microvilli and cilia (Figure 3.5e). The TEM images demonstrate that RSV particles
are filamentous from the infected-NHBE cells (Figure 3.5). In all, the results suggest that
RSV morphology is filamentous in both transformed cell lines and primary airway
epithelial cells.
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Figure 3.5 RSV morphology is filamentous from infected NHBE primary cells. (a-c)
Filamentous RSV particles were observed from infected cells at the assembly site. Black
arrows indicate filamentous RSV and the white asterisk indicates the presence of RNP
inside of a RSV virion. (d-e) Cellular filaments observed from primary cells, such as cilia
(black arrowheads) and microvilli (white arrowheads). Scale bars are 200 nm.

131

The RSV F glycoprotein is in prefusion form on filamentous particles and in
postfusion form on spherical particles
Linear density profiles of the released virus particles show that both the A2 and TN
strains have very similar spatial organization of RSV structural components (Figure 3.6).
There is a surface glycoprotein peak ~10 nm outside of the viral membrane, with matrix
protein ~5 nm underneath the viral membrane. The linker protein, M2-1, is present
between M and RNPs, with a peak density ~12 nm away from the M protein. The helical
RNPs are located under the M2-1 layer, resulting in two peaks from the densities on
either side of the helix (Figure 3.6a-c). These findings regarding the spatial organization
of RSV are in agreement with previous studies of the filamentous particles from purified
samples11,12. Besides the filamentous particles, ~5% of the imaged particles were
spherical (Figure 3.7). We further performed comparison between the filamentous and
spherical particle by using structural analyses including linear density profiles and model
fitting of the crystal structures (Figure 3.7). Linear density profiles and glycoprotein
length quantification suggest that the glycoproteins on the filamentous particles are ~5
nm shorter than the glycoproteins on the spherical particles (Figure 3.7e-f). Model fitting
of the crystal structures into the EM density suggests that the fusion glycoproteins are in
the metastable prefusion form on the filamentous particles, while they are in the stable
postfusion form on the spherical viral particles (Figure 7c-d). Furthermore, the M layer is
detached on the spherical particles, indicated by the missing peak at the M density layer
(Figure 3.7d-e). These results agree with our recent findings using subvolume
averaging analysis24.
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Figure 3.6 Structural analysis of RSV filamentous particles. (a-c) Representative
tomographic slices and linear density profiles of RSV ultrastructure. White boxes indicate
representative regions used to generate linear density plots. (d-f) Segmentation
illustration of the filamentous particles from indicated virus-infected cells. Density peaks
1 through 6 represent: 1, Viral glycoproteins (Red); 2, Viral membrane (Green); 3, Matrix
(Cyan); 4, M2-1 (Blue); 5 and 6, RNP (Magenta). Scale bars are 20 nm.
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Figure 3.7 Structural comparison between filamentous and spherical RSV
particles. (a-b) Representative tomographic slices of a filamentous (a) and spherical (b)
particle. (c-d) Model fitting of representative regions of the raw tomogram for filamentous
(c) and spherical (d) particles. Prefusion F (PDB ID: 4JHW) and postfusion F (PDB ID:
3RRT) were used for c and d, respectively. (e) Linear density profiles of a filamentous
particle (black line) and spherical particle (red line). Density peaks 1 through 6 represent:
1, Viral glycoproteins; 2, Viral membrane; 3, Matrix; 4, M2-1; 5 and 6, RNP. (f)
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Glycoprotein length quantification of filamentous and spherical particles. Scale bars are
100 nm (a-b) and 10 nm (c-d).
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RSV assembly steps revealed by cryo-ET
We investigated the assembly steps from RSV-infected cells to understand how RSV
assembles as a filamentous particle. By collecting cryo-ET data at the sites of assembly,
we were able to capture the different steps of RSV assembly: initiation, elongation, and
scission (Figure 3.8, Movie 3.1). Initiation is characterized by accumulation of viral
components at the plasma membrane, but prior to protrusion of the viral filament from
the membrane (Figure 3.8c); elongation occurs when the viral filament has protruded
from the membrane and is in the active assembling stage (Figure 3.8d, Movie 3.2);
scission is defined as narrowing of the RSV filament diameter at the cell proximal end of
the filament and is followed by the release of RSV particles from the cell (Figure 3.8e).
During these steps, it is clear that RSV buds off as a filamentous particle, demonstrated
by the elongation step.

In order to validate the assembly model and to distinguish the assembly events from the
entry and fusion events, we incubated the infected cells with the fusion inhibitor, BMS433771. BMS-433771 is a small-molecule inhibitor that can block RSV fusion54-57.
Mechanistically, the fusion inhibitor binds to the hydrophobic binding pocket of the
prefusion RSV F56,57, resulting in the inhibition of RSV-induced syncytium formation and
decreased viral titers55. Our titration results showed statistically significant differences
between groups with and without fusion inhibitor treatment (Figure 3.9a). In addition, by
examining the syncytium formation, we noticed that in the presence of the fusion
inhibitor, the infected cells do not form syncytia while the control group does (Figure
3.9b), validating the result that the fusion inhibitor decreases viral titers. Our cryo-ET
analysis demonstrated that assembly events were still resolved (Figure 3.9c-d) and
were very similar to the assembly events seen when incubated without the fusion
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inhibitor (Figure 3.8, Movie 3.1). This indicates that the captured events were assembly
events rather than entry events.
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Figure 3.8 RSV assembly steps revealed by cryo-ET. (a) Representative cryo-EM
images of RSV-infected cells. Note the assembly site indicated by the dashed white box
and the released viral particles. The dashed yellow line indicates the cell plasma
membrane. (b-e) Initiation (c), elongation (d), and scission (e) events are demonstrated
at an assembly site (b). Green is membrane, red is glycoprotein, and magenta is the
RNP complex. Scale bars are 1 µm (a) and 200 nm (b-e).
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Figure 3.9 RSV assembly in the presence of fusion inhibitor. RSV-infected HeLa
cells were infected at a M.O.I. of 10, washed twice with PBS prior to adding 600 nM RSV
fusion inhibitor (BMS-433771), and incubated for the indicated length of time. (a)
Titration results of RSV-infected cells with or without RSV fusion inhibitor at 1 and 4
d.p.i.. (b) Representative images showing presence of syncytia formation without
inhibitor, and absence of syncytium formation with inhibitor. Micrographs were acquired
using cryo-EM/ET, demonstrating the assembly events at 24 h.p.i. (c) Polygon montage
of an assembly site. (d) Tomographic slice (6.14 nm) of the assembly site collected from
the region indicated by the dashed black box in (c). The black arrows indicate the early
assembly events prior to RSV filament elongation. Note the presence of matrix layer and
the glycoproteins. The white arrows indicate the plasma membrane; note the absence of
the matrix layer and the glycoproteins. The dashed white box indicates an elongating
RSV filament. Scale bars are 100 μm (b), 1 μm (c), and 200 nm (d).
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Discussion

Long-pursued are structure-function investigations of virus assembly and maturation. To
our knowledge, this is the first study to determine the structures associated with RSV
particle assembly from infected cell lines and primary cells in by multiple EM imaging
modalities. The collective results reveal that RSV assembly occurs at the plasma
membrane (Figure 3.8, Figure 3.9, Movies 3.1-3.2) and the native-state RSV particles
are filamentous (Figure 3.2, Figure 3.3, Figure 3.5). The fusion glycoprotein is
predominantly in the metastable prefusion form on filamentous particles and the
postfusion conformation on spherical particles, suggesting that the infectious form of
RSV is filamentous (Figure 3.7, Figure 3.10).

We have established an optimized system of imaging RSV-infected cells on TEM grids
by cryo-EM and cryo-ET. In order to balance between the low-density of cells and the
high-quantity of viral filaments, we chose an M.O.I. of 10 and cryo-preserved the
samples at 24 h.p.i., which was comparable to other closely related paramyxovirus
studies58. To further assess the cryo sample preparation conditions, we carried out a
series of analyses including virus titration, real time RT-PCR assay, and flow cytometry
to monitor the virus growth dynamics, viral RNA quantification, and fluorescent protein
production. Our results show that at an M.O.I. of 10 and 24 h.p.i., RSV-infected cells
actively produce a large quantity of infectious particles, as indicated by the significantly
higher viral titer comparing to the other conditions at lower M.O.I. (Figure 3.1). The
formation of filamentous RSV particles using these conditions has been validated by
both fluorescent light microscopy and cryo-ET24,42-44.
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Previously, by cryo-ET, three distinct morphologies were categorized from purified RSV
particle preparations: filamentous, spherical, and an intermediate between the two11,12.
Here, we report that RSV is filamentous when newly released from the infected cells by
utilizing whole cell cryo-ET. Consistent with the cryo-EM/ET findings, conventional
immunogold TEM demonstrates that the assembling and released RSV particles from
RSV-infected HeLa cells are filamentous44. It was suggested the morphology of
influenza virions is dependent on the polarized cell phenotype and the integrity of the
cytoskeleton network59. More specifically, the A/Udorn/72 viruses produced from the
infected polarized epithelial cells were filamentous; when infected in the non-polarized
cell types, the virions from same influenza strain A/Udorn/72 were almost exclusively
spherical59. It was reported recently that the infection of human metapneumovirus
(HMPV) in human bronchial epithelial cells leads to the formation of branched cellular
network and cell-associated filaments. This indicates that the formation of the
filamentous networks is important for the cell-cell transmission of the viral particles60. By
investigating different virus strains in different non-polarized cell lines and the polarized
primary cells using cryo-EM, cryo-ET, and conventional TEM, we conclude that RSV is
filamentous independent of virus strains, cell lines, and the polarization phenotype of the
cells (Figure 3.3, Figure 3.5).

An interesting question did not escape our attention: how does the spherical virus form?
We offer two possible explanations. The first is that the spherical particles are the result
of morphological rearrangements of the filamentous particles. This is supported by the
direct observation that RSV particles only bud in the filamentous form (Figure 3.2,
Figures 3.8-3.9)24,42-44. We have captured different stages of RSV assembly (Figures
3.8-3.9), which also suggest that the spherical particles are potentially outcomes of the
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structural rearrangement of the filamentous particles (Figure 3.7, Figure 3.10). The
second explanation is that RSV buds as spherical particles, similar to the formation of
other spherical enveloped viruses such as HIV particles61-63. It has been demonstrated
that after prolonged infection, Marburg virus assembles and releases as spherical
particles, accompanied with increased vesiculation of the plasma membrane and
decreased infectivity in the released viruses64,65. However, at 6 d.p.i., RSV particles are
filamentous from RSV-infected primary cells (Figure 3.5), which indicates that the
second explanation is less likely for RSV morphogenesis. It is interesting that Marburg
virus packages one genomic material into the assembled virions64, RSV packages more
than one genomic materials during the assembly process as quantified from the RNP
length from the cryo-ET data of the purified RSV particles11, and this phenotype was also
observed in a closely related paramyxovirus Sendai virus66. It is possible that because
Marburg virus has a more defined morphology (~700-800 nm in length and ~80-90 nm in
diameter)64 rather than the widespread morphology seen in RSV (~0.5-10 µm in length
and ~90-250 nm in diameter), thus the genomic materials that it can be packaged in
Marburg virus is more restricted. The early assembly event (initiation) captured by cryoET (Figures 3.8-3.9) was less-frequently observed than the elongation step, which
suggests the initiation step was a fast process and the elongation step was either a slow
or rapid turn-over process. Similar to the filamentous filoviruses (Marburg virus and
Ebola virus)64,65,67 and the rod-shaped rhabdovirus (vesicular stomatitis virus)68, RSV
assembles as filamentous particles at the plasma membrane. This assembly mechanism
is not unique and lies within the established framework of other filamentous enveloped
viruses.
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Figure 3.10 RSV morphology model. A schematic representation of a filamentous (a)
and a spherical (b) RSV viral particle. Enlarged views of the boxed regions in (a) and (b)
are shown in (c) and (d), respectively. The structure of G is unknown, nor the ratio of G
to F. In the filamentous particle (a, c), F is in the prefusion form with matrix (M) lining the
viral membrane (VM). M2-1 acts as a linker protein between M and the RNP. In the
spherical particle (b, d), F is in the postfusion form while M is detached from the viral
membrane. RNP is disordered and not linked by M2-1 to the matrix protein.
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Comparison between the filamentous and spherical RSV virions reveals significant
differences in structural details (Figure 3.7 and Figure 3.10). Different from the purified
RSV particles by the Butcher group12, that there is a mixture of prefusion and postfusion
form of RSV F glycoproteins on the filamentous virions; our whole-cell cryo-ET of RSVinfected cells indicates that the filamentous particles have predominant prefusion form
and the spherical particles have predominant postfusion form, which was evidenced by
model fitting (Figure 3.7c-d), linear density profiles (Figure 3.7e), length measurements
(Figure 3.7f), and sub-volume averaging analysis24. This provides a molecular
mechanism between the structure and function, i.e., the relationship between RSV
morphology and the infectivity. During RSV entry process, the viral membrane will fuse
with the cellular membrane facilitated by RSV F fusion peptide69. The fusion peptide is
exposed when RSV F glycoprotein undergoes a conformational change from the
prefusion to the postfusion form. Thus, the maintenance of the prefusion form on RSV
particles is required for RSV infectivity. Based on the structural analysis of these two
morphologies and in consistent with other published results12, the filamentous
morphology of RSV is the infectious form. It was also demonstrated in Marburg virus that
the infectious particles are the filamentous morphology, as revealed by infectivity assays
and electron tomography of plastic embedded infected-cells64.

In summary, our study explored RSV morphology in different transformed cell lines as
well as in human primary airway epithelial cells, and we conclude that RSV morphology
is filamentous from infected-cells independent of cell lines or virus strains. Structural
analysis indicates that in the filamentous particles, the fusion glycoproteins are in the
metastable prefusion form with M underlying the viral membrane and the RNP linked to
M by M2-1. In the spherical particles, the fusion glycoproteins are in the stable
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postfusion form and M and M2-1 are detached from the viral membrane (Figure 3.10).
Finally, RSV assembles at the plasma membrane and buds off as filamentous particles,
providing a morphogenesis mechanism for RSV particles being filamentous. This study
expands the existing knowledge of RSV architecture by providing morphological and
structural analyses of RSV in the native state.
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Materials and Methods

Cell culture.
HEp-2 (ATCC CCL-23), Vero (ATCC CCL-81), HeLa (ATCC CCL-2), A549 (ATCC CCL185), and MRC-5 (ATCC CCL-171) were cultured and maintained in DMEM complete
medium, supplemented with 10% fetal bovine serum (FBS), 1 µg/ml penicillin,
streptomycin, and amphotericin B (PSA) antibiotics. BEAS-2B cells (ATCC CRL-9609)
were cultured and maintained in RPMI-1640 complete medium supplemented with 10%
FBS and 1 µg/ml PSA42,44.

Primary human bronchial epithelial cells from normal patients (NHBE) were kindly
provided by Dr. Calvin Cotton (Case Western Reserve University) and cultured as
described previously70,71. Briefly, cells were grown on 12 mm Costar Transwell inserts
(Corning Inc., Corning, NY) until confluent, then transferred to the air-liquid interface
where cells were maintained in primary airway medium containing 2% Ultroser G (Pall
Biosepra, SA, Cergy-Sainte-Christophe, France) until differentiated and had resistance
measurements >500 ohms.

Viruses and infection.
RSV strains used in this study are A2 strain, rA2-mK+, and TN strain. A2 is a lab adapted
wild-type strain. Recombinant virus strain rA2-mK+ was generated using reverse genetic
system as previously described 72. This recombinant virus is an A2 strain with a far-red
fluorescent reporter gene (monomeric Katushka 2 (mK+)) incorporated in the first
position of RSV antigenomic cDNA. Incorporation of the mK+ does not affect RSV growth
dynamics in vitro or in mice72. The fluorescent tag is used for the fluorescent focal unit
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(FFU) assay for virus titration. The TN strain (A/TN/12/11-19) was isolated from a patient
treated at Vanderbilt University and kept at low passage prior to investigation in this
study. Viruses were propagated in HEp-2 and/or Vero cells and stored at -80°C.

For cryo-EM sample optimization studies, BEAS-2B cells were grown at the same
confluency rate as for cryo-EM studies, infected with the rA2-mK+ strain at various
multiplicities of infection (M.O.I.), and incubated for 24 hours at 37oC and 5% CO2. Cell
supernatants were collected for real time RT-PCR assay to determine viral RNA as
described below, or used for virus titration in Vero cells to determine virus replication by
FFU assay as described below. Cells were collected using Trypsin-EDTA and assessed
by flow cytometry for the percentage of RSV-positive cells, also described below. For the
early RSV replication assay, BEAS-2B cells were inoculated with rA2-mK+ at a M.O.I. of
10, and total cells were harvested every 6 hours post infection (h.p.i.) up to 36 h.p.i. Viral
titer was determined by FFU of infected Vero cells.

For cryo-EM/ET infection studies, cells (HeLa, A549, MRC-5, and BEAS-2B) were grown
on gold Quantifoil R 2/1 grids (Quantifoil, Germany) in MatTek dishes (MatTek Corp.,
MA), inoculated with RSV strains A2 or TN at a M.O.I. of 10, incubated for 24 h, and
processed for EM sample preparation and imaging as described below24,44.

For infection of primary airway epithelial cells, NHBE were inoculated with RSV TN strain
at a M.O.I. of 2 for 2 hours, the viral inoculum was aspirated, and cells were incubated
for 6 days at 37oC and 5% CO2. After incubation, cells were processed for TEM imaging
as described below.
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Virus titration by fluorescent focal unit (FFU) assay.
Virus titration was carried out by infecting Vero cells with serially diluted virus stocks.
The cell seeding density was 2 X 104 cells/well in the 96-well plates. Virus attachment
was facilitated by spinoculation at 3000 rpm at 4°C for 30 minutes. The infected cells
were semi-fixed with 0.75% methylcellulose DMEM complete medium. The fluorescent
focal units (FFU/ml) were determined 48 h.p.i. using the mK+ fluorescent signal.

One-step growth curve.
BEAS-2B cells were seeded in 6-well plates with 1.6 X 105 cells per well. After overnight
culturing, cells were infected with the rA2-mK+ strain at a M.O.I. of 10, followed by
incubation with rocking at room temperature for one hour. After incubation, infected cells
were washed twice with DPBS (with Ca2+ and Mg2+), and supplemented with fresh
medium followed by incubation at 37°C in 5% CO2 environment. Every 6 h.p.i., infected
cells were harvested and collected, starting at 1 hour through 36 hours. Samples were
vortexed for 30 seconds prior to flash freezing in liquid nitrogen, and stored at -80°C until
virus titration.

RSV-infected cells detection by flow cytometry.
Cells harvested from plates as described above were washed with PBS and resuspended in 1% formaldehyde in PBS and stored at 4oC. Flow cytometry analysis was
performed using BD LSR-II (BD BioSciences) and FlowJo software (Tree Star, Inc.,
Ashland, OR). The percentage of RSV-positive cells was determined by the presence of
mK+ signal. Uninfected cells were used as a negative control.

RSV RNA detection by real time RT-PCR assay.
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The amount of viral RNA was determined by real time RT-PCR assay. Supernatant and
cell pellet were collected at 24 h.p.i.. The collected supernatant was briefly centrifuged to
remove cell debris. RNA was extracted from the supernatant and cells using a Qiagen
RNEasy mini kit according to the manufacturer’s instructions. RSV RNA was assayed by
a real-time RT-PCR assay using AgPath-ID™ One-Step RT-PCR Reagents and the
Applied Biosystems 7500 Fast Real-Time PCR System (Life Technologies Corporation,
Carlsbad, CA) as previously described73. The primers and probes for the RSV matrix (M)
gene (forward primer, 5′-GGC AAA TAT GGA AAC ATA CGT GAA-3′; reverse primer, 5′TCT TTT TCT AGG ACA TTG TAY TGA ACA G-3′; probe, 5′-6-carboxyfluorescein
(FAM)-TGT CCG TCT TCT ACG CCC TCG TC- black hole quencher 1 (BHQ-1)-3′) were
obtained from Integrated DNA Technologies (IDT) (Coralville, IA)73. The cycle threshold
(CT) values, the number of cycles required to exceed the background level, were
calculated. Inverse CT values (1/CT) were used to express the relative amount of RNA
extracted from the cell or supernatant of the infected cells20.

RSV infection in the presence of the fusion inhibitor BMS-433771.
For cryo-EM/ET infection studies, HeLa cells were grown on gold Quantifoil R 2/1 grids
(Quantifoil, Germany) and inoculated with RSV A2-mK+ at a M.O.I. of 10. The infected
cells were rocked for 1 hour at room temperature to facilitate virus binding and were then
washed twice with PBS to remove the unbound viral particles. New medium containing
600 nM fusion inhibitor (BMS-433771)54,56 was added to prevent viral entry and fusion
events, and the infected cells with fusion inhibitor were allowed to incubate for 24 hours.
The samples were processed for cryo-EM/ET imaging as described below.

RSV morphology characterization.
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Only the released, complete viral particles were quantified and measured. Particle length
and diameter were both quantified in IMOD using the imodinfo command by creating a
model file45. Diameter was measured between the two “sides” of the virus particles,
perpendicular to membrane. Measurements were made every 500 nm along the particle,
with a minimum of 3 and maximum of 10 measurements per particle.

Thin sectioning TEM of RSV-infected primary cells.
Immunogold labeling and thin section procedure details were described previously44.
Briefly, at 6 days post infection (d.p.i.) with a M.O.I. of 0.05, the NHBE primary cells were
washed 3 times with PBS to remove mucus, which can potentially prevent antibody
binding to the surface of viral particles. Primary antibody (motavizumab, 5 µg/ml) was
applied and incubated for 1.5 hours, followed by washing in warmed medium 4 times
before incubation with the secondary antibody (goat-anti-human with 6 nm gold
conjugated) for 1.5 hours. Cells were quickly washed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer and fixed overnight at 4oC in 2.5% glutaraldehyde. Cells were then
post-fixed with 0.1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for an hour,
followed by dehydration in graded ethanol (25%, 50%, 75%, 95%, and 100%). Infected
cells were then infiltrated, embedded, and polymerized in Eponate 12 resin (Ted Pella
Inc., Redding, CA). Ultrathin sections of RSV-infected primary cells (NHBE) were cut
using a Leica Ultracut S ultramicrotome at ~70 nm thickness. Sections were then stained
with 5% uranyl acetate and 2% lead citrate and imaged using a JEOL JEM-1400 TEM
(JEOL Ltd., Japan) with Gatan US1000 CCD camera (Gatan, Pleasanton, CA).

Cryo-EM/ET sample preparation, data collection, and image processing.
Grids with infected cells (as described above) were plunge frozen using a Gatan
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CryoPlunge 3 system (Gatan, Plesanton, CA). 10 nm gold fiducials were applied to the
grids prior to freezing. Tilt series were collected semi-automatically using SerialEM
package74, with a tilt range of -65 to 65 degrees at 2-degree tilt increment. Images were
recorded using a Direct Electron DE-20 camera (Direct Electron, LP, San Diego, CA) at
10 kX nominal magnification (6.14 Å / pixel) using a JEOL JEM-2200FS TEM (JEOL
Ltd., Japan). Tilt series were aligned and reconstructed from motion-corrected images
with IMOD software45 (Movies 3.3-3.4). Linear density profiles were plotted using the
tomographic slices from the reconstructed tomograms with the Fiji software tools under
Analyze/Plot Profile75. Model fitting of the two states of the F glycoprotein into the raw
tomogram was done in Chimera software76. Reconstructed tomograms were first low
pass filtered to 80 Å, then a small region was extracted and contrast inverted prior to
loading the map into Chimera. Prefusion F (PDB ID: 4JHW)26 and postfusion F (PDB ID:
3RRT)27 were manually fitted into the F glycoproteins on the filamentous and spherical
particles, respectively.

Graphs and statistical analysis.
All graphs and statistical analyses were done in Prism GraphPad Software version 6.0.
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Movie 3.1. Cryo-ET of RSV assembly (Early Assembly). Tomographic reconstruction
and its corresponding segmentation of a RSV assembly site captured by cryo-ET,
revealing the initiation, elongation, and scission stages. The color scheme is the same
as Figure 3.8, Green is (viral) membrane, red is glycoprotein, and magenta is the RNP
complex.
Movie 3.2 RSV assembly at the plasma membrane (A2-infected MRC-5 cells).
Volume rendering using Amira software to show different components of RSV-infected
MRC-5 cells at the assembly site. The color schemes are: membrane is cyan,
glycoproteins are yellow, the RNPs are red, the ring-like structures are blue, actin
filaments are green, microtubules are gold, and ribosomes are magenta.
Movie 3.3 Tilt series of RSV. Releases RSV particles from RSV-infected A549 cells
collected using SerialEM software and images were aligned using IMOD software. Tilt
range is -62º to 62º at 2-degree step increment. Scale bar is 500 nm.
Movie 3.4 Reconstructed tomographic data from tilt series (RSV). The tilt series
from Movie 3.3 was further reconstructed using back-projection algorithm in IMOD
software package and the 3D tomographic data was generated. Movies showing
tomographic slices from top to bottom of the volume. Scale bar is 500 nm.
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CHAPTER 4
THE SURFACE GLYCOPROTEINS OF RESPIRATORY SYNCYTIAL VIRUS FROM
INFECTED CELLS CHARACTERIZED BY CRYO-ELECTRON TOMOGRAPHY AND
SUB-VOLUME AVERAGING

The work presented here is excerpted from the following publications together with a
portion of unpublished data:
1. Z. Ke, R. S. Dillard, T. Chirkova, F. Leon, C. C. Stobart, C. M. Hampton, J. D.
Strauss, D. Rajan, C. A. Rostad, M. Jin, J. V. Taylor, H. Yi, B. S. Graham, M. L.
Moore, L. J. Anderson, and E. R. Wright. “The morphology and assembly of
respiratory syncytial virus revealed by cryo-electron tomography”. Viruses (in
preparation, 2018);
2. C. M. Hampton, J. D. Strauss, Z. Ke, R. S. Dillard, J. E. Hammonds, E. Alonas,
T. M. Desai, M. Marin, R. E. Storms, F. Leon, G. B. Melikyan, P. J. Santangelo,
P. W. Spearman, and E. R. Wright. “Correlated Fluorescence Microscopy and
Cryo-electron Tomography of Virus-infected or Transfected Mammalian Cells”.
Nature Protocols 12(1):150-167 (2017);
3. C. C. Stobart, C. A. Rostad, Z. Ke, R. S. Dillard, C. M. Hampton, J. D. Strauss, H.
Yi, A. L. Hotard, J. Meng, R. J. Pickles, K. Sakamoto, S. Lee, M. G. Currier, S. M.
Moin, B. S. Graham, M. S. Boukhvalovas, B. E. Gilbert, J. C. G. Blanco, P. A.
Piedra, E. R. Wright, and M. L. Moore. “A Live-Attenuated RSV Vaccine with
Increased Incorporation of Pre-Fusion F Exhibits Enhanced Thermal Stability and
Immunogenicity.” Nature Communications 7:13916 (2016);
4. H. Yi, J. D. Strauss, Z. Ke, E. Alonas, R. S. Dillard, C. M. Hampton, K. M. Lamb,
J. E. Hammonds, P. J. Santangelo, P. W. Spearman, and E. R. Wright. “Native
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Immunogold Labeling of Cell Surface Proteins and Viral Glycoproteins for CryoElectron Microscopy and Cryo-Electron Tomography Applications.” Journal of
Histochemistry & Cytochemistry 63(10): 780-792 (2015).
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Abstract

Human respiratory syncytial virus (RSV) is an enveloped negative-sense single-stranded
RNA virus that belongs to the Pneumoviridae family. Pneumoviruses and
paramyxoviruses (Chapter 2 in this thesis) are closely related in the order of
Mononegavirales, and they both are known to be pleomorphic. Due to its heterogeneous
nature, only until recently has the architecture of RSV been characterized by cryoelectron tomography (cryo-ET). However, the conclusions drawn from those previous
cryo-ET studies were based on purified virus particles. Purification process can
potentially alter the overall morphology and the interior molecular architecture of the
particles, there is a need to characterize the structure of RSV in its close-to-native state
from the infected cells. The two main surface glycoproteins on RSV virions (F and G) are
known to be important for virus entry and assembly, but their structures, conformational
states, and interactions between them are yet to be investigated.

In this chapter, we have utilized cryo-ET and sub-volume averaging to study RSVinfected human mammalian cells to characterize RSV structure, particularly, RSV
surface glycoproteins. In order to overcome the technical difficulties using whole-cell
tomography, we first established an optimized system of imaging RSV-infected cells on
TEM grids by cryo-ET; then we developed a native immunogold labeling strategy to
identify the fusion glycoproteins. The newly developed immunogold labeling system is
then further utilized to differentiate various conformational states of RSV surface
glycoproteins. We even modulated the RSV particles by treating the infected cells under
heat, and the dramatic changes in both the overall morphology and fine detailed
structure were resolved by cryo-ET. We further applied sub-volume averaging technique
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and resolved the two conformational states of RSV fusion glycoproteins on a liveattenuated RSV vaccine candidate virions in the context of the infected cells. This study
is important because it is the first time that the molecular architecture of RSV was
characterized from the infected cells, and the detailed analysis of the surface
glycoproteins using a combinational methods including native immunogold labeling and
sub-volume averaging techniques. This study (together with Chapter 3) sheds light on
global morphology and the molecular architecture of RSV surface glycoproteins, which
will contribute to the understanding of the structural-and-functional relationships between
RSV structure and its infectivity.
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Introduction

Cryo-electron microscopy (cryo-EM) technologies and techniques were established in
order to retain specimen hydration during direct-image and diffraction data acquisition
with the transmission electron microscope (TEM)1. Much of the early work in the late
1970s and early 1980s focused on improving cryo-fixation approaches2,3, cryo-holders
for specimen introduction into the TEM4-6 and low-dose data acquisition schemes for
viruses, macromolecules, and small cells7-10. Later, as microscopes became more
automated and intermediate voltage microscopes were more accessible, cryo-electron
tomography (cryo-ET) emerged as the leading approach for determining the threedimensional (3D) structures of pleomorphic objects, such as asymmetric viruses and
bacteria11-15. Cryo-EM imaging, combined with single particle analysis and cryo-ET
united with sub-volume averaging, is a major branch of the structural biology continuum,
and over the past forty years have matured to the level where many biological structures
are now determined at sub-nanometer to atomic-level resolutions16-19.

Of great interest to those who employ cryo-EM methods to investigate cellular
ultrastructure and the localization patterns of complexes within and surrounding cells, as
is the development and application of target-specific labeling strategies20. Already, the
feasibility of antibody labeling for purified macromolecules, viruses, and isolated
organelles has been demonstrated21,22. These studies have enabled investigators to
determine the 3D structures of low molecular weight proteins by single particle cryoEM23, where proteins localize on specific regions of a virus22, and the structural
rearrangements that occur when a neutralizing antibody binds with the target antigen2428

. However, similar procedures have not been widely applied to studies of whole, intact

167

mammalian cells because of the concerns associated with retaining cell viability during
immunolabeling; the thicknesses of cells and the impact this has on cryo-preservation
and cryo-EM imaging; and early reports of antibody-induced membrane protein ‘capping’
on live cells29,30. Therefore, techniques were developed that combined the benefits of
initial cryo-preservation of cells by high-pressure freezing with chemical fixation through
freeze substitution, embedding in hydrophilic resins, sectioning, and immunolabeling.
Although these more traditional approaches have been used for countless
immunolocalization studies for conventional electron microscopy31,32, there are a number
of intrinsic issues associated with methods that include chemical fixation33. Most notably,
fixation is required to prevent specimen degradation during subsequent steps of the
procedure. However, fixation, dehydration, and embedding not only alter the antigen
conformation, and thus hinder antibody binding, but also severely obscure or even
remove ultrastructural detail. In addition, residual aldehydes from the fixative can
potentially cross-link immuno-reagents to the cell or tissue and therefore lead to potential
negative background immunolabeling. These additive negative effects limit the ability to
resolve localization patterns at the molecular level via both conventional immuno-EM
and hybrid cryo-immuno EM approaches.

In this chapter, we describe the procedures used for the immunogold labeling of live
mammalian cells cultured on carbon-coated gold EM-support grids. Here, we performed
native-state immunogold labeling of a cell-derived protein and of a viral glycoprotein. The
first target protein labeled was tetherin (BST-2), a cellular restriction factor that inhibits
the release of enveloped viruses from the plasma membrane of infected cells34,35. We
demonstrated site-specific labeling of tetherin and tetherin microdomains during the
restriction of HIV-1 virus and virus-like particle (VLP) release from the plasma membrane
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of HT1080 cells (data not shown, ref.36). The second protein labeled was the fusion (F)
glycoprotein of human respiratory syncytial virus (RSV) in the context of an active
infection of HEp-2 and HeLa cells. In this case, the RSV F glycoprotein was labeled with
a monoclonal antibody, palivizumab37,38, at sites of virus assembly, on assembling and
budding virus particles, and on released virus particles. We also describe some of the
challenges associated with the immunolabeling method and provide detailed approaches
for optimum labeling and specimen preservation for both cryo-EM and conventional EM
applications. This study was a collaborative effort and my thesis topic covered the
immunolabeling of RSV F glycoprotein.

The development of RSV vaccine has been difficult for scientists. In the 1960s, a
formalin-inactivated RSV (FI-RSV) vaccine primed for enhanced illness in infants on
natural infection39. This phenomenon was replicable in animal models and considered
dependent on RSV naive status40. Subsequent studies using subunit-based vaccines
also primed for immunopathology in animals41,42. These early RSV vaccines encouraged
development of live-attenuated vaccines (LAVs), which do not prime for enhanced
disease in animals or seronegative infants40,43. However, development of pediatric RSV
LAV strains with sufficient attenuation and immunogenicity has been difficult44. To
address these dual challenges, newer RSV LAVs have incorporated genetic
modifications rationally designed to retain or enhance immunogenicity compared with
wild-type virus45-47 because natural infection may be suboptimally immunogenic for LAVs
derived by classic attenuation methods.

Recent elucidation of the structure of the pre-fusion conformation of RSV F protein (preF48) and discovery of its importance as a natural immunogen49 has had implications for
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RSV vaccine development. The high capacity of pre-F to elicit neutralizing antibody titres
has been demonstrated in multiple vaccine platforms, including purified proteins50-52,
virus-like particles53, and recombinant parainfluenza viruses54. Use of pre-F in passive
immunization, either by anti-pre-F monoclonal antibody (mAb) prophylaxis or by boosting
RSV neutralizing antibody (nAb) titres in pregnant mothers with pre-F protein-based
vaccines, holds promise for reducing RSV disease in the youngest infants52.
Nevertheless, active immunization of infants with a replicating RSV vaccine could
potentially have a large child health benefit if protection spanned beyond the persistence
of passively acquired maternal Ab. Since natural RSV infection induces anti-pre-F nAb49,
we hypothesized that RSV with enhanced pre-F expression would have increased LAV
immunogenicity.

In the chapter, we first identified a chimeric RSV strain A2-line19F with enhanced prefusion antigen levels, thermostability and immunogenicity compared with parental strain
A2. We then incorporated line19F into an RSV LAV candidate ‘OE4’ with the genotype
RSV-A2-dNS1- dNS2-ΔSH-dGm-Gsnull-line19F. We found that OE4 exhibited elevated
pre-fusion antigen levels, thermal stability, immunogenicity, and efficacy despite heavy
attenuation in the upper and lower airways of cotton rats.
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Results

Targeted Labeling of RSV Surface Glycoproteins
After successfully immuno-labeled a cellular surface protein, tetherin (BST-2) (data not
shown, ref. 36), we then examined another distinct biological system to validate the
performance of the native-immunolabeling protocols. Here, we wished to resolve the
presence and arrangement of the RSV F glycoprotein on virus particle assembly and
budding from HeLa and HEp-2 cells. RSV presents three surface glycoproteins: the
fusion (F) and the attachment (G) glycoproteins, and the small hydrophobic (SH) protein,
which is significantly smaller in size55. The two major glycoproteins (F and G) work in
concert to establish and maintain an active infection in host cells; explicitly, the epithelial
cells of the lower respiratory tract. RSV is a major viral pathogen that causes acute lower
respiratory tract infections mainly in infants, young children, and immunosuppressed
adults56. To combat the virus, a series of neutralizing antibodies have been, and
continue to be, developed against both glycoproteins. Currently, only one that targets the
F glycoprotein is used in the prevention of RSV infections in high-risk cases,
palivizumab37,38, it is this antibody that we used for our analyses. Cryo-EM and cryo-ET
imaging of RSV particles revealed both unlabeled and immunolabeled glycoproteins
along the entire length of viral filaments and at sites of virus assembly at the cell plasma
membrane (Figure 4.1, Figure 4.2, Figure 4.3, Movie 4.1). The immunolabeling of the
RSV F glycoprotein was consistent with that which has been previously reported. The
RSV F glycoprotein, when labeled for direct stochastic optical reconstruction microscopy
(dSTORM) imaging, was present along the length of viral filaments57, which is consistent
with our results. However, at EM-level resolution, where we are able to resolve the
individual glycoproteins58,59, we expected to find the distribution of the immunolabeled F
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glycoproteins to be impacted by: (1) the ratio and organization of the F and G
glycoproteins on the virus, and (2) the steric hindrance/accessibility associated with the
primary and 6-nm gold-conjugated secondary antibody with the F glycoprotein antigenic
site II60. The native immunolabeling of the RSV F glycoprotein underscores this level of
glycoprotein organization (Figure 4.1, Figure 4.2, Figure 4.3). We examined whether
employing different secondary antibodies would alter immunolabeling efficiency and the
distribution of the gold particles. No variability in label distribution was noted when either
the 6-nm gold-conjugated goat anti-human IgG or protein G was applied (Figure 4.2).
Conventional TEM processing and imaging of samples post-immunolabeling disclosed
comparable labeling efficiencies and arrangements of the 6-nm gold clusters along RSV
viral filaments and at the RSV assembly sites along the plasma membrane (Figure 4.4).

Preservation of Cellular Ultrastructure
One significant compromise researchers make when immunolabeling a specimen for EM
is with respect to ultrastructure preservation. Most protocols require chemical fixation
using either paraformaldehyde or a combination of paraformaldehyde and
glutaraldehyde and, in some cases, post-fixation with osmium tetroxide, in order to stop
biological activity and stabilize cell architecture. However, chemical fixation might disrupt
antigenicity of the target macromolecules and may alter the cellular ultrastructure.
Therefore, we examined the 2D projection images and 3D reconstructions of the cells
and viruses to address whether the native immunolabeling technique would inadvertently
deteriorate the stability of known cellular and viral structures. We studied the images and
3D volumes of the cryo-preserved RSV-infected HeLa cells and determined that cellular
structures were intact and consistent with those of unlabeled cells (Figure 4.3, Movie
4.1). As with the HT1080 cells in the tetherin (BST-2) study, HeLa cells also contained
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extensive actin networks and distinct cell membranes, a hallmark of well-preserved
cellular structure.

Three-Dimensional Structure and Localization Information
The main rationales behind the development and application of this nativeimmunolabeling approach for cells and virus-infected cells were to: 1) rapidly identify
regions of interest on a cell, 2) determine the 3D spatial relationships between the
immunolabeled entity and other macromolecular complexes, and 3) retain cellular and
viral ultrastructural integrity. We used 2D cryo-EM imaging to quickly pinpoint regions of
importance and cryo-ET to generate 3D volumes of released viruses and the virustransfected or virus-infected cells. The gold labels were critical for locating sections of
the grids with labeled virus, in the case of RSV (Figure 4.1), or regions of the cells
where viral particles were assembling (Figure 4.1, Figure 4.2, Figure 4.3). The 6-nm
gold particle conjugates used for immunolabeling the target proteins could be clearly
differentiated from the 10-nm or 20-nm gold particles used for cryo-ET image alignment
(Figure 4.1, Figure 4.2, Figure 4.3, Movie 4.1)

We examined the 3D volumes of the RSV viral filaments and RSV-infected cells
immunolabeled for the F glycoprotein to determine: 1) the location and organization of
the F glycoprotein on the viral filaments, 2) the relationship between the F glycoprotein
and other RSV structural proteins located in the interior of the viral filaments, and 3)
discrete sites of virus assembly on the cell surface. The placement of the immunolabeled
RSV F glycoproteins was easily determined both along extending viral filaments (Figure
4.1) and at sites of assembly (Figure 4.3, Movie 4.1). The arrangement of the RSV F

173

glycoprotein along viral filaments was consistent with that which has been reported
previously58,59. The matrix protein and ribonucleoprotein (RNP) complex were also
resolved along the viral membrane in close proximity to the glycoproteins (Figure 4.1,
Figure 4.2)58,59. Native immunolabeling of the RSV F glycoprotein also proved useful for
identifying the location of an early stage of virus assembly (Figure 4.3, Movie 4.1).
Studies of this early event will play a significant role in our understanding of the
coordination of RSV viral proteins during assembly and subsequent budding at the
plasma membrane. 2D cryo-EM imaging allowed us to locate a small patch of 6-nm gold
particles on the plasma membrane of an RSV-infected HeLa cell (Figure 4.3). The 3D
tomographic reconstruction revealed the RSV glycoproteins on the membrane surface
and the matrix protein and the RNP complex coalescing under the membrane. Actin
filaments were also visualized in the cell cytoplasm beneath areas containing the viral
proteins. Results from the RSV experiments highlight that native immunolabeling of
surface proteins provides guidance for cryo-ET data collection; in this case, assistance
for locating the early stages of RSV assembly.

In summary, we have demonstrated the practicality of a native-immunolabeling approach
for cells and virus-infected or virus-transfected cells that can be used for both cryo-EM
and conventional EM strategies. This methodology provides a rapid means for
immunolabeling proteins and protein complexes present on the membranes of cells and
viruses. The ultrastructure of the immunolabeled cells was retained to high fidelity,
contrary to conventional immunolabeling strategies. When the cryo-preserved labeled
specimens were imaged by cryo-EM, the regions of interest were readily identified and
the 3D spatial relationships between specific complexes were determined at
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macromolecular resolution. Immunolabeled specimens that were processed for
conventional TEM also retained plasma membrane integrity, cytoplasm and cytoskeleton
organization, and virus architecture.
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Figure 4.1 Cryo-transmission electron microscopy and cryo-electron tomography
of RSV-infected HeLa cells with the RSV F glycoprotein immunolabeled. (a) Low
magnification montage of released, filamentous RSV particles and a HeLa cell extension
(white asterisk). (b and c) Higher magnification views of the montage in (a) highlighting
immunolabeling of RSV F along the viral filaments. (b-c) Dashed box (b) and solid box
(c) are indicated in (a). (d) Slice (7.64 nm) from the 3D reconstruction of the area in (b)
illustrating RSV filaments with surface glycoproteins and immunogold (black
arrowheads). Note the presence of ribonucleoprotein (RNP) in some of the viral
filaments (white arrowheads). Insets in (c) and (d) (black boxes) are 2 x magnification.
Gold fiducial markers, 20 nm in diameter, were added to the sample and used as image
alignment aids during the 3D tomographic reconstruction process. Scale bars are 2 μm
(a), 500 nm (b-c), and 200 nm (d).
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Figure 4.2 RSV F glycoprotein secondary antibody labeling control. Comparison of
2D cryo-TEM images (a and c) and slices (b: 7.37 nm and d: 7.64 nm) through the 3D
reconstructions (b and d) of native immunolabeled RSV F glycoproteins. (a-b) The
secondary antibody was a 6 nm gold-conjugated protein G and (c-d) was 6 nm goldconjugated goat anti-human IgG. Arrowheads indicate immunogold labeling of the RSV
F glycoprotein. Insets are 2 x. Gold fiducial markers 10 nm (a-b) or 20 nm (c-d) in
diameter were added to the sample and used as image alignment aids during the 3D
tomographic reconstruction process. Scale bars are 200 nm.
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Figure 4.3 Early RSV assembly site detected by native immunolabeling. (a) 2D
cryo-electron microscopy image of an RSV assembly site; the 6-nm gold particles
indicate the location of the RSV F glycoprotein (black arrowheads) at the upper surface
of the plasma membrane. (b-c) Segmented 3D volume of the RSV and cellular
macromolecules. (b) Top view. (c) Cut-away and side view of (b) with 90º rotation
applied. The cell membrane is presented in cyan. The filamentous actin network is noted
in green. The matrix protein is depicted in blue. The glycoprotein densities are
highlighted in magenta. Red tubular densities correspond to ribonucleoprotein (RNP).
Gold densities are the 6-nm gold particles conjugated to the secondary antibody. (d-f)
Slices (7.64 nm) through the reconstructed 3D volume showing the gold on the top (d,
black arrowheads), a quarter-plane slice noting the RSV viral proteins (e, white asterisk),
and a bottom slice highlighting the actin filaments (f, white arrowheads). Inset in a is 2 x
magnification, insets in d-f are 1.5 x magnification. Gold fiducial markers, 20 nm in
diameter, were added to the sample and used as image alignment aids during the 3D
tomographic reconstruction process. Scale bars are 200 nm (a, b, d-f) and 50 nm (c).
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Figure 4.4 Conventional transmission electron microscopy (TEM) of RSV with the
native F glycoprotein immunolabeled. (a-c) Black arrowheads point to immunogold
labeling along viral filaments both at assembly sites and of released RSV filaments. (a)
White arrowheads note actin filaments and the white asterisk points to a mitochondrion.
(b) Assembling viral filament extended from the plasma membrane. (c) Intermediate
magnification image of filamentous RSV virion with immunogold labeling of the F
glycoproteins. Inset in (a) is 3 x magnification, insets in (b) and (c) are 2 x magnification.
Scale bars are 500 nm (a) and 200 nm (b-c).
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Heat-treatment of RSV-infected cells
In order to understand the relationship between the fusion glycoprotein conformational
states and their relationship to heat-treatment, the relationship between the fusion
glycoprotein conformational states and virus infectivity, the relationship between the
virus morphology and the virus infectivity, we carried out RSV thermal stability assay
using heat treatment. It has been shown that at 55 ºC, the metastable prefusion F
glycoprotein can be triggered to the thermodynamically stable postfusion F
glycoprotein61, we ask whether the conformational change of the fusion glycoprotein
would lead to other consequences, such as virus morphological changes, virus
infectivity, and structural protein re-arrangements. We first tested the stability of virusinfected cells at different time points ranging from 0 min to 2 hours and analyzed by virus
titration, real time (RT) PCR, and western blot assays (Figure 4.5). The results showed
that with the increased time at 55 ºC, we viral titer decreases and dropped to nondetectable at 2-hour time point (Figure 4.5). After 30-minute heat treatment at 55 ºC, the
titer dropped 3 log scale. Meanwhile, the amount of mRNA remained the same over
time; the amount of the N protein remained the same at 30-min time point detected by
western blot (Figure 4.5). We further investigated the structure of the heat-treated RSVinfected cells by cryo-electron tomography. The results demonstrated that the cellular
structures were damaged to some degree, indicated by the rupture of the viral and
cellular membranes. In addition, the viral particles showed great differences: the
spherical particles were observed more frequently than in the non-heat treated
specimen. Linear density profiles of the filamentous and spherical particles reveal that
the lack of the M and M2-1 layers in the spherical particles and the extended surface
glycoproteins (Figure 4.6). Quantitative measurements of the surface glycoproteins in
the filamentous and spherical particles agree with the results of linear density profiles

180

(Figure 4.6). These suggest that the fusion glycoproteins on the filamentous particles
are in the prefusion state; while the fusion glycoproteins on the spherical particles are in
the postfusion state. Combining with the titration results and the biochemical assays
(RT-PCR and western blot), it suggests that the spherical particles are the product of the
heat-treatment, and its infectivity is low or zero because the fusion glycoproteins are in
the postfusion conformational state.
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Figure 4.5 Heat treatment (55 ºC) effect on virus titer, mRNA content, and
nucleoprotein concentration. (a) Viral titer over time when heat treated at 55 ºC. Note
the decrease of the viral titer over time. (b) Viral titer differences when the infected cells
were placed in the cell incubator versus in the water bath at 37 ºC. (c) The mRNA
quantification over time when heat treated at 55 ºC. Note the similar mRNA content
between the groups. (d) Western blot of the heat-treated and non-heated treated
specimens demonstrating the amount of nucleoprotein (N) present in the sample.
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Figure 4.6 Structural differences between spherical and filamentous viral particles
when heat treated at 55 ºC. Representative spherical (a) and filamentous (b) particles
are shown respectively. Asterisks indicate RNP. Insets in a-b are 2 x of the dashed
boxes. (c) Glycoprotein ectodomain length measurements from spherical (a) and
filamentous (b) particles. Values represent mean ± standard deviation of ~40
measurements. (d) Averaged linear density profile plots of spherical (a) and filamentous
(b) particles of ~20 measurements. Tomographic thickness is 2.46 nm. Scale bars are
100 nm.
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Pre-fusion F ELISAs of RSV viral particles
Metastable pre-F undergoes a dynamic transition to form a thermodynamically stable
six-helix post-fusion bundle that facilitates viral and host membrane fusion 48,52. Since
both pre-F and post-F are present on RSV virions in prepared virus stocks 58,59, we
evaluated the relative amount of pre-F antigen in RSV stocks using an ELISA-based
approach to compare MPE8 with motavizumab antibody binding. MPE8 is a human
monoclonal antibody that preferentially binds to two highly conserved anti-parallel βstrands on pre-F, which are rearranged in the post-fusion conformation to render them
less accessible to antibody binding62. Motavizumab, in contrast, stably binds to both
pre- and post-fusion F. We found that strain A2-line19F, which expresses the F
protein of strain line 19 in the background of the prototypical A2 strain63,64, exhibited
significantly higher relative binding to MPE8 than did strain A2 (Figure 4.7a). We
confirmed this finding using the human monoclonal antibody D25, which binds to a
distinct antigenic site on pre-F (antigenic site Ø)48 with even greater specificity than
MPE865. We found that A2-line19F exhibited higher relative binding to D25 than A2,
which was similar in magnitude and correlated with MPE8 binding (Figure 4.7b).

Generation of RSV live-attenuated vaccine OE4
We next generated a novel RSV LAV called OE4, by incorporating line 19F into a
multi-component vaccine designed to achieve attenuation, improved immunogenicity
and genetic stability. We previously codon-deoptimized the NS1 and NS2 genes,
which encode two nonstructural proteins of RSV that suppress host innate immunity
by targeting interferon pathways and suppressing apoptosis66,67. Codon
deoptimization of NS1 and NS2 genes was genetically stable and reduced NS1 and
NS2 protein expression, resulting in virus attenuation with slightly enhanced
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immunogenicity in mice46. We subsequently deleted the small hydrophobic (SH)
protein gene with the goal of increasing the transcription of downstream viral genes,
including F, by altering their proximity to the viral leader68. The deletion of SH is also
mildly attenuating in mice and chimpanzees, but conferred no apparent attenuation in
a vaccine candidate in children68-70. Last, we codon-deoptimized the RSV attachment
(G) glycoprotein gene and ablated the secreted form of G by a point mutation. RSV
expresses a membrane-bound form (Gm) and a secreted form (Gs) of G, which are not
required for viral replication in immortalized cell lines71-74. RSV G is capable of eliciting
protective neutralizing antibodies75. However, G is less conserved than F and
suppresses the innate immune response through chemokine mimicry76,77. Gs functions
as an antigen decoy and can alter dendritic cell signalling and activation through
interactions with C-type lectins78,79. The resulting genotype of the OE4 vaccine
candidate was RSV-A2-dNS1-dNS2-ΔSH-dGm-Gsnull-line19F (Figure 4.8a). Using
western blotting, we demonstrated that OE4 had decreased expression levels of NS1,
NS2 and G as expected compared with parental A2 (Figure 4.8b,c). We additionally
found that OE4 had higher levels of F expression than A2-line19F, likely attributable
to the deletion of SH (Figure 4.8d,e).
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Figure 4.7 MPE8 and D25 ELISAs. (a) Ratio of direct ELISA using MPE8, a pre-Fspecific mAb, to direct ELISA using motavizumab, a total F mAb. Values are
normalized to strain A2. For A2-line19F mutants, the asterisks show significant
differences compared with A2-line19F. (b) Ratio of direct ELISA using D25, another
pre-F-specific mAb, to direct ELISA using motavizumab. All graphs represent the
means+s.d.’s of at least two experimental replicates, and data were analysed by oneway ANOVA. When significant, P values are shown as a bracket between groups
(P<0.0005) or by asterisk when compared with A2-line19F (*P<0.05; **P<0.005;
***P<0.0005).
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Figure 4.8 Design of live-attenuated vaccine OE4 and expression of viral
proteins. (a) Schematic of RSV LAV OE4 genome including codon deoptimization of
the NS1, NS2 and G genes, deletion of the SH gene, and incorporation of the line 19F
gene. (b) Western blotting of Vero cells infected with A2 (white), OE4 (green) or OE4
expressing wild-type G (OE4+wtG, grey) for NS1, NS2, N and G. An A2-Gnull mutant
was included as a control. (c) Western densitometry analyses were normalized to A2
expression levels. (d) Western blotting of Vero cells infected with mock, A2-line19F
(white), OE4+wtG (grey) or OE4 (green) for F, N and GAPDH. (e) Densitometry
results were normalized to A2 expression levels. Densitometry results represent the
means+s.d.’s of at least two experimental replicates and representative blots are
shown. Statistical analyses were performed by one-way ANOVA (***P<0.0005;
****P<0.00005). d, codon-deoptimized; F, fusion protein; G, attachment glycoprotein;
L, large polymerase; M, matrix; mK2, monomeric Katushka2; N, nucleoprotein;
NS1/NS2, nonstructural proteins 1 and 2; P, phosphoprotein; SH, small hydrophobic
protein.
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Analysis of OE4 surface glycoproteins
We analysed the MPE8 and D25 binding of OE4 and measured vaccine thermal
stability at 4 and 37 °C. Similar to A2-line19F, OE4 exhibited high relative pre-F
antigen levels by antibody binding (Figure 4.7) and thermal stability (data not shown,
ref.
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), consistent with its expression of the line 19F protein. We further explored this

relationship by quantifying pre-F stability as measured by MPE8 binding of OE4 and
A2 from virus stocks incubated at 4 °C over time. Relative pre-F antigen levels
declined in both viruses over a period of 8 days (data not shown, ref.
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). Therefore,

the kinetics of thermal stability of A2 and OE4 infectivity did not correlate with the
decay of pre-F antigen levels. However, OE4 maintained greater than twice the levels
of pre-F antigen levels at each time point compared with A2 (data not shown, ref.
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),

and a minimal threshold of pre-F may be sufficient to maintain infectivity.

In order to assess the overall structure of the virions and glycoprotein incorporation
into RSV A2 and OE4, we then performed thin-section transmission electron
microscopy (TEM), native immuno-TEM, and cryo-electron tomography (cryo-ET) of
viruses budded from BEAS-2B cells, an immortalized human bronchial epithelial cell
line. In all cases, virus-infected cells and released virions were analysed following
minimal sample processing to maximize preservation of the native structure of the
virions. First, native immunogold labelling combined with thin-section TEM was
performed using mAbs that preferentially bound pre-F (MPE8), post-F (131-2A), total
F (motavizumab) or G (131-2G) (Figure 4.9a)36. The density of gold particles per
membrane length was quantified for each virus and immunolabel (Figure 4.9b)81.
OE4 virus particles exhibited a greater density of incorporated pre-F and total F than
A2, potentially due to the deletion of SH. There was no significant difference in the
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amount of post-F detected on the surfaces of A2 and OE4 particles. G protein density
on OE4 particles was significantly reduced, as was expected in the setting of codondeoptimization of the G gene.

When visualized by cryo-ET, A2 and OE4 virus particles were morphologically similar
and formed filaments with abundant glycoprotein spikes on the surface, matrix protein
lining the inside of the viral membrane, and ribonucleoprotein complex in the interior
of the virions (Figure 4.10)36,58,59. To further investigate the conformations of RSV F
on the surfaces of A2 and OE4 virions in their native states, we then calculated
subvolume averages of F structures from the cryo-ET data. These studies
demonstrated that the majority of F proteins on both viruses in their native states
immediately after budding was in the pre-F conformation (Figure 4.10, Figure 4.11).
The application of heat (55 °C for 30 min) triggered the conformational change from
pre- to post-F, providing direct evidence of the relationship between temperature and
pre-F stability (Figure 4.11).
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Figure 4.9 Immunogold labelling of RSV surface glycoproteins F and G. (a)
Representative TEM images of BEAS-2B cells infected at an MOI of 10 with A2 (black)
or OE4 (green) and labelled with MPE8 (pre-F mAb), 131-2A (post-F mAb),
Motavizumab (total F mAb) or 131-2G (G mAb) and probed with gold-labelled
secondary antibodies. (b) Quantification of the amount of immunogold particles per
measured membrane length per virion. For each labeling condition, more than 100
virions (graph data points) were evaluated for each virus. The red lines represent the
mean particle densities along the membrane for each condition. Significant
differences are indicated by ***P<0.0005 determined by t-test with Welch’s correction.
Scale bars are 200 nm.
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Figure 4.10 Cryo-electron tomography of RSV virions. Tomographic slices
(6.14 nm) of A2 (a), OE4 (b) and A2-heat (c) (55 °C for 30 min) virions showing overall
virus structure and the organization of surface glycoproteins (insets). Inset in OE4 is
rotated 180°. Scale bars are 200 nm for A2 and OE4, and 100 nm for A2-heat.
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Figure 4.11 Cryo-electron tomography of RSV virions and subvolume averaging of
the F glycoprotein. (a-i) Subvolume averages and modelling of RSV F structures in
pre- and post-fusion conformations. Central slices (6.14 Å in thickness) of the
averaged structures lowpass filtered to 40 Å for A2 (a), OE4 (b) and A2-heat (c).
Quasi-atomic models generated by fitting the RSV pre-fusion F (PDB ID 4JHW) and
RSV post-fusion F (PDB ID 3RRT) crystal structures into the subvolume averages,
with side views (d-f) and top views (j-i) for A2 (d,g), OE4 (e,h) and A2-heat (f,i). Note
the height difference between the ectodomain of A2/OE4 and A2-heat. The
measurements were made from the top of the membrane to the top of the head
domain. Scale bars, 10 nm (a-c); 5 nm (d-i).
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Discussion

In the immunogold labeling study, we used ‘indirect’ immunolabeling, whereby a gold
particle-conjugated secondary antibody was applied. To further expand the utility of
native immunolabeling for correlative imaging from light microscopy to electron
microscopy, fluorescently labeled secondary antibodies conjugated with gold particles
could be employed. This strategy would facilitate the light microscopic identification of
specific cells grown on a substrate prior to sample preservation for cryo-TEM or
scanning electron microscopy (SEM) imaging. In addition, future investigations to
improve the method will include employing gold-conjugated primary antibodies to
‘directly’ immunolabel the target and the use of smaller gold particles to minimize sizeassociated steric hindrances.

The focus of the immunogold study was to investigate the localization patterns of
proteins and complexes present on the membrane surfaces of cells and virus-infected or
virus-transfected cells. Further improvements and advancements are required for the
targeted native-state, electron-dense labeling of macromolecules within the interior of
cells and viruses. Current conventional, pre-embedding immunolabeling methods of
whole cells generally necessitate the permeabilization of the plasma membrane for the
introduction of antibodies and marker-conjugated antibodies into the cell cytoplasm82.
However, the process of permeabilizing the plasma membrane may alter membrane
integrity or cell ultrastructure, neither of which is ideal for cryo-EM structural studies.
Consequently, several approaches are under development and incorporate the use of
ferritin83, quantum dots84, or metallothionein85-87 fusion constructs for the targeted
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labeling of macromolecules. However, even though each technique has shown promise
in specific biological instances, none have been widely used in cryo-EM analyses due to
incompatibilities with cell types, inability of the target protein to assemble properly, or
cytotoxicity associated with the reagents. Concurrent with the exploration of electrondense probes for cryo-EM, high-precision correlative light and electron microscopy
(CLEM) approaches have been realized88-90. These advances may have eliminated
some of the need for using an electron-dense marker to determine the placement of
complexes within a cell. However, immunolabeling with electron-dense markers will
remain an essential tool for all areas of electron microscopy because it permits the
assessment of interactions between complexes at resolutions not readily achievable by
fluorescence microscopy.

Finally, we did not computationally ‘remove’ gold particles from the 2D images or 3D
reconstructions91. This approach, combined with the use of smaller gold particles may be
advantageous for improved 3D structure interpretation. Due to the utility and easy
implementation of the method we have described for labeling thicker biological
specimens, such as whole mammalian cells, for cryo-EM investigations, we believe it will
be an advantageous technique for ultrastructural analyses of many cellular systems.

In the study of live-attenuated RSV vaccine OE4, we identified a chimeric RSV strain
A2-line19F that had increased relative MPE8 binding, increased thermal stability in
viral stocks and increased immunogenicity in vivo compared with parental strain A2.
A2-line19F differs from A2 by only five unique residues within the F protein.
Incorporation of two of these residues (357/371) into a heterologous vaccine strain
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DB1 conferred increased relative MPE8 binding and increased thermal stability at
4 °C. To exploit these properties in an RSV LAV, we incorporated the line 19F protein
into a rationally designed vaccine candidate OE4 with the genotype RSV-A2-dNS1dNS2-ΔSH-dGm-GSnull-line19F. Like A2-line19F, OE4 had increased relative MPE8
and D25 binding and increased thermal stability compared with RSV A2. OE4 was
also immunogenic and highly efficacious in BALB/c mice and cotton rats, despite
significant levels of attenuation in vitro and in vivo. The mutations incorporated into
OE4 were genetically stable in virus recovered from BALB/c mice. Furthermore, lung
histopathologic staining demonstrated that OE4 was not mucogenic in mice, nor did it
cause enhanced histopathology following RSV challenge in cotton rats.

One inherent limitation of the live-attenuated RSV vaccine OE4 study is that neither
mice nor cotton rats fully recapitulate RSV disease in humans. In our study, for
example, we observed a difference in the attenuation levels of OE4 in our two animal
models. Whereas OE4 was highly attenuated in cotton rats and in human primary
airway epithelial cells, it was less attenuated in BALB/c mice. We also found that OE4
was more immunogenic in BALB/c mice than in cotton rats. We suspect these
discrepancies were attributable to strain-specific differences in the attachment and
infectivity of the line 19F protein and the differential effects of codon-deoptimized G
protein in cotton rats compared with mice. For example, Teng et al. demonstrated that
deletion of G from an RSV clinical stain was completely attenuating in cotton rats74,
whereas Widjojoatmodjo et al.92 found that RSV-ΔG was only moderately attenuated
in mice. Nevertheless, OE4 was significantly attenuated in both animal models and
was capable of inducing protective neutralizing antibodies.

196

A second limitation of our study relates to the utilization of MPE8 and D25 ELISAs to
quantify pre-F antigen levels in viral stocks. Both MPE8 and D25 are monoclonal
antibodies that preferentially bind to the pre-fusion conformation of F; however, the
conformational specificities of these two antibodies have not been fully validated.
MPE8, in particular, competes with palivizumab62 and binds only 10–20 times better to
pre- than post-fusion F65. D25, in contrast, binds at the apex of the pre-fusion trimer at
the antigenic site Ø which undergoes marked structural rearrangement upon transition
to post-F48. Thus, D25 binds with even greater specificity to pre- than post-F (100fold)65. Nevertheless, limited cross-reactivity with post-F has been observed, and a
monomeric form of F has also been identified which retains pre-fusion-specific
epitopes51,93. Despite these limitations, both MPE8 and D25 demonstrate relatively
high pre-F specificity, and generated consistent results among the viruses analysed in
this study.

Native immunogold labelling combined with thin-section TEM also demonstrated
increased pre-F and total F on the surface of OE4 compared with A2. We suspect the
increased incorporation of total F into OE4 was attributable to the deletion of the SH
gene, which shifted the F gene towards the viral promoter. The vast majority of F in
both OE4 and A2 was in the pre-fusion conformation, likely because the virions were
maintained in their native states and not subjected to viral harvesting and stock
preparation. Subvolume averaging of the F structures confirmed that the majority of F
was in the pre-fusion conformation. However, application of heat to A2 triggered the
conformational change to post-F, clearly demonstrating a relationship between
temperature and pre-F stability. Although these results demonstrate that heat triggers
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the transition from pre- to post-fusion F, the relationship between temperature and
pre-F stability remains incompletely defined. Similarly, the favorable immunogenicity
to attenuation profile of OE4 is likely multifactorial and cannot be attributed
specifically to the expression of pre-fusion F or to thermostability.

In conclusion, we identified key molecular determinant positions of RSV line 19F
which were associated with both thermal stability and the availability of the pre-F
antigen. Genetically modifying these residues to thermally stabilize and boost
immunogenicity of RSV LAVs represents a promising new approach to nextgeneration RSV vaccine design. Using reverse genetics, we rationally designed a
novel RSV LAV OE4 that incorporated line 19F into the genotype RSV-A2-dNS1dNS2-ΔSH-dGm-GSnull-line19F. In addition to being thermally and genetically stable,
OE4 was also highly immunogenic and efficacious despite significant attenuation in
vitro and in vivo. These data demonstrate that we fundamentally altered RSV
immunogenicity and generated a promising LAV candidate that merits further
investigation.
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Materials and Methods

Sample preparation: choice of cell line. Choice of cell line is a critical consideration
in regard to optimal cell thickness for supporting large imaging areas, as well as to
permissivity of infection. This step may require some optimization, as different cell
types have different growth and adhesion characteristics (see Table 4.1 for suggested
seeding densities). Relative cell thickness can be determined beforehand using either
live-cell or fixed-immunostained approaches (Figure 4.12) to validate the utility of the
biological specimen for cryo-CLEM analyses. In our case, we use confocal
microscopy to capture serial optical sections of cells of variable thickness at a suitable
resolution to resolve immunostained viral and cellular components (Figure 4.12). The
cells should be adherent and spread readily across the substrate (Figure 4.13). In
some cases, we may apply extracellular matrix proteins, namely collagen, poly-Llysine, or fibronectin, to the surface of the grid to improve cell distribution and
spreading. Once the sample is prepared, the cryo-grids can be imaged under cryoelectron microscope using multi-scale imaging modalities (Figure 4.14).
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Table 4.1 Cell lines used for RSV studies.
Cell Line

Source

Growth Medium

Seeding
Density
on Grids

A549

Human lung
epithelial,
Carcinoma

DMEM with 4.5
g/L glucose,
10% FBS and
1% PSA

1-1.5x105

CCL-185

1

BEAS-2B

transformed
human
bronchial
epithelium

RPMI-1640
10% FBS and
1% PSA

1-1.5x105

CRL-9609

2

HeLa

human
cervical
carcinoma

0.5-1x105

CCL-2

2

HEL 299

Human fetal
lung fibroblast

1-1.5x105

CCL-137

1

HEp-2

human HeLacontaminated
epithelial
carcinoma-2

1-1.5x105

CCL-23

2

MRC-5

Human fetal
lung fibroblast

1-1.5x105

CCL-171

1

DMEM with 4.5
g/L glucose,
10% FBS and
1% PSA
MEM with 4.5
g/L glucose,
10% FBS and
1% PSA
DMEM with 4.5
g/L glucose,
10% FBS and
1% PSA
DMEM with 4.5
g/L glucose,
10% FBS and
1% PSA

ATCC
Catalog
No.

Biosafety
Level*

CAUTION: The cell lines used in your research should be regularly checked to ensure
they are authentic and are not infected with mycoplasma.
ATCC Biosafety classification is based on U.S. Public Health Service Guidelines, it is the
responsibility of the customer to ensure that their facilities comply with biosafety
regulations for their own country and research institution.
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Antibodies and Reagents. Rabbit anti-tetherin antisera94 was provided by Dr. Paul W.
Spearman (Department of Pediatrics, Emory University, Atlanta, GA). Dr. Philip J.
Santangelo (Department of Biomedical Engineering, Georgia Institute of Technology and
Emory University, Atlanta, GA) supplied the palivizumab, a humanized monoclonal
antibody that targets the antigenic site II of the RSV fusion (F) glycoprotein37,38.
MedImmune, LLC, commercially manufactures palivizumab under the brand name
Synagis for the prevention of RSV infections in high-risk infants. The secondary
antibodies, which included the 6-nm gold-conjugated goat anti-human IgG, F(ab’)2
fragment of goat anti-rabbit IgG, and protein G, were purchased from Electron
Microscopy Sciences (Hatfield, PA).

RSV Purification. HEp-2 cells cultured in T75 flasks at 60% to 80% confluence were
inoculated with RSV at a multiplicity of infection (MOI) of 0.01 in 3 ml serum-free medium
for 1 hr, after which 12 ml of complete growth medium was added. The infection
continued for approximately four days (>80% cytopathic effect, CPE), with 5 ml of
complete media added each day. The flasks were then frozen at -80°C before
purification. After thawing in a 37°C water bath, the contents of each flask were clarified
at 1,902 × g for 7 min at 4°C. The supernatant was centrifuged using a 20% sucrose
cushion at 90,353 × g (SW41 Ti, Beckman) for 3 hr at 4°C. The virus-containing pellet
was resuspended in 100 μl Hanks Balanced Salt Solution (HBSS) after a brief wash and
stored at -80°C. The final titer of the virus was ~2–5×108 plaque forming units per ml
(PFU/ml). The purified virus was then used to infect the HeLa or HEp-2 cells57.
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Figure 4.12 Use of fLM to determine cross-sectional cell thickness and cell
permissivity to RSV. (a) Extended-focus images of six cell lines infected with RSV and
immunostained for the RSV fusion protein (red), nucleocapsid protein (green), and
nucleus (DAPI, blue). Colocalization of viral proteins indicates that the cells are actively
producing virus for imaging. (b) Single-axial section through the middle of each cell
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shown in (a). The XZ view in b illustrates the relative thickness of the cultured cells and
shows that the cells will be thin enough at the periphery for TEM imaging. Spinning-disk
confocal and laser-scanning confocal images are shown. NPC, Niemann-Pick type C.
Scale bars are 10 μm (a) and 1 μm (b).
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Figure 4.13 Representative light microscopy image of the ideal cell density
present on an EM grid. MRC-5 cells cultured on a carbon-coated gold EM grid
before infection or plunge-freezing. Asterisks identify representative healthy MRC-5
cells that are spreading across the carbon film of the EM grid. Scale bar is 50 μm.
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Figure 4.14 Montage and segmentation of RSV-infected cells provide cellular
context for cryo-ET data at the near-to-native state. (a) A full grid montage taken at
100 x using a US4000 CCD camera. Red box indicates a RSV-infected cell where high
resolution data was collected shown in b and c. (b) Montage of RSV A2-infected A549
cells taken at 10,000 x using the energy filter for improved contrast. The cell membrane
is regular and intact, with filamentous RSV protruding from it. (c) Segmented cryo-ET
data from inset in b indicating membrane (cyan), glycoproteins (yellow), RNP (red), and
actin filaments (magenta). Data were collected at 8,000 x on a DE-20 direct electron
detector camera. Data was binned by 2, pixel size is 14.94 Å. Scale bar are 200 µm (a),
2 µm in b, and 500 nm in the inset of b and panel c.
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Cell Culture, RSV Infection, and Immunolabeling for RSV F Glycoprotein
HeLa and HEp-2 cells (ATCC CCL-2 and CCL-23, respectively) were maintained in
DMEM growth medium with 4.5 g/L d-glucose (Lonza), 4 mM l-glutamine (BioWhittaker),
10% fetal bovine serum (Sigma-Aldrich), and 1% penicillin-streptomycin (Sigma-Aldrich).
Cells were grown in an incubator at 37°C with 5% CO2. For RSV F glycoprotein
immunogold labeling, 100,000–150,000 HEp-2 cells or HeLa cells were seeded on presterilized, pre-incubated (with complete medium) Aclar disks or gold R2/1 Quantifoil TEM
grids in MatTek dishes (MatTek Corp., MA) 4–8 hr prior to infection.

Cells for immunogold labeling were inoculated with an MOI of 10 with RSV in serum-free
media. Complete growth media was added after 1 hr. Infected cells were incubated at
37°C for 24 hr. Palivizumab was then added directly into the medium at 5 µg/ml and the
cells were allowed to incubate for 1.5 hr at 37°C, during which time the culture plates
and MatTek dishes were shaken gently to facilitate antibody binding. After primary
antibody incubation, the cells were gently washed with complete medium 4 times for 30
sec each time. The secondary antibodies, 6-nm gold-conjugated goat anti-human IgG or
protein G, were then added to the medium directly at 1:20 dilution of the original stock
solutions (10–20 μg/ml) and allowed to incubate for 1.5 hr. Washes were repeated as
described above after secondary antibody incubation. Cells on Aclar disks were washed
twice with PBS and then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4) for conventional transmission electron microscopy examination. Cells on the gold
Quantifoil TEM grids were plunge-frozen immediately after the final wash with culture
medium.
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Conventional TEM Sample Preparation and Imaging. Fixed cells on Aclar disks were
washed twice with 0.1 M phosphate buffer (pH 7.4) after overnight fixation with 2.5%
glutaraldehyde in the same buffer. Cells were then post-fixed with 1% osmium tetroxide
in 0.1 M phosphate buffer (pH 7.4) for 1 hr. Following graded ethanol dehydration, cells
were infiltrated, embedded, and then polymerized in Eponate 12 resin (Ted Pella Inc.,
Redding, CA).

Ultrathin sections were cut using a Leica Ultracut S ultramicrotome at a thickness of 70
nm. Sections were then stained with 5% uranyl acetate and 2% lead citrate and imaged
on a Hitachi H-7500 transmission electron microscope (TEM, Hitachi High-Technologies,
Japan) equipped with a SIA L12C 16-megapixel CCD camera (SIA, Duluth, GA) or a
JEOL JEM-1400 TEM (JEOL Ltd., Japan) equipped with a Gatan US1000 2k×2k CCD
camera (Gatan, Pleasanton, CA).

Cryo-TEM Sample Preparation, Imaging, and Image Processing. Prior to sample
vitrification, a 4-μl aliquot of 10- or 20-nm gold nanoparticles (Sigma-Aldrich) was applied
to the surface of the TEM grid. These gold nanoparticles were used for image alignment
in the 3D tomographic reconstruction process91,95. Cells cultured on the gold Quantifoil
TEM grids were vitrified by rapid immersion in liquid ethane using a Gatan CryoPlunger3
(Cp3) apparatus. Cryo-grids were transferred to a Gatan 914 high-tilt holder maintained
at -178°C. Cryo-specimens were imaged with JEOL JEM-2200FS 200-kV field emission
gun transmission electron microscope equipped with an in-column Omega energy filter
(slit width 20 eV) and a Gatan US4000 4k×4k CCD camera. Polygon montages and tilt
series were acquired using SerialEM software96. A single-axis tilt series was collected
over an angular range of -62° to 62°, with a 2° tilt increment. The total electron dose
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applied to the specimens did not exceed 120–150 e-/Å2. Tilt series images were acquired
at 30,000× nominal magnification (calibrated pixel size of 0.737 or 0.764 nm) with -4 to 8-μm defocus applied. Tomographic reconstructions were generated with IMOD using
the r-weighted back-projection algorithm91,95.

Pre-F antigen ELISAs. Virus aliquots were thawed and diluted in MEM to yield high-titre
stock suspensions. Then 100 μl of each virus stock suspension was added in triplicate to
wells in a 96-well Costar Assay Plate, High Binding (Corning). The plates were covered
and incubated at room temperature overnight. The next day, the virus suspension was
dumped from the plate, and the plate was washed once with 150 μl per well of PBSTween (PBST, 0.05% Tween20 in PBS) followed by addition of 150 μl of 5% BSA (in
PBS) per well for blocking. The plate was incubated at room temperature for 2 h. Pre-Fspecific mAb MPE862 was generated in HEK293-X2FreeStyle cells (U-Protein Express,
BV) using human codon-optimized VH and VL sequences. Motavizumab mAb which
binds pre-F and post-F was kindly provided by Nancy Ulbrandt (MedImmune/AZ). MPE8
and motavizumab antibodies were prepared by diluting the antibodies to 1 μg ml−1 in
PBS before further dilution of 1:10,000 to 1:320,000 by serial dilutions in 1% BSA.
Following blocking, the plate was washed once again with 150 μl per well of PBST
before 100 μl of the serially diluted primary antibodies were applied to the wells. The
plate was incubated for 2 h at room temperature before being dumped and washed three
times with 150 μl per well of PBST. After washing, 100 μl of a 1:10,000 dilution of antihuman-HRP antibody in 1% BSA was applied and the plate incubated for 1 h at room
temperature. Then the plate was dumped and washed three times with 150 μl of PBST
before 100 μl of a pre-mixed reactive substrate reagent mixture (R&D Systems) was
applied to catalyse a colorimetric reaction. The plate was covered and incubated
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for ∼10 min before the reaction was quenched by the addition of 100 μl of 0.2 N sulfuric
acid. The plate was read at 450 nm on an ELISA plate reader. Background absorbance
levels were subtracted from the test sample absorbance readings and plotted to a curve.
The ratio of the area under the curve for MPE8 (pre-F) to the area under the curve for
motavizumab (pre-F and post-F, total F) was calculated to determine pre-F level
normalized to total F. The identical ELISA procedure was replicated using D25 instead of
MPE8 as an additional measure of pre-F antigen levels.

To determine the stability of pre-F in OE4 compared with A2 at 4 °C over time, we
incubated vials of virus for 0, 3 or 7 days and similarly applied 100 μl of each virus stock
suspension in triplicate to wells in a 96-well Costar plate. We incubated the plates at
4 °C overnight, such that the final time points at time of measurement were 1, 4 and 8
days, respectively. We then performed ELISAs using MPE8 and motavizumab as above,
but kept the plates and substrates at 4 °C or on ice for the remainder of the experiment.

Western blotting. Western blots were performed on infected Vero cell lysates or heattreated samples harvested in RIPA buffer as described46 using polyclonal rabbit antisera
specific to NS1 (1:5,000) and NS2 (1:400; gifts from Michael Teng, USF Health), D14
(1:5,000; anti-RSV N; gift from Edward Walsh, University of Rochester), 131-2G (1:2,000;
anti-RSV G, MAB858-2-5; Millipore), motavizumab (1:5,000; anti-F; gift from Nancy
Ulbrant) or GAPDH (1:5,000), followed by peroxidase-conjugated anti-rabbit, anti-mouse
or anti-human secondary antibodies (1:10,000; Jackson ImmunoResearch).
Densitometry analyses were performed using Image Lab software (Bio-Rad).
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Cryo-ET. BEAS-2B cells were seeded on gold R2/1 Quantifoil TEM grids in MatTek
dishes and were infected when subconfluent (30–40%) at an MOI of 10 using A2 and
OE4 strains. Twenty-four hours post infection, infected cells on gold Quantifoil TEM grids
were plunge frozen using a Gatan CryoPlunge 3 apparatus (Gatan, Inc., Pleasanton,
CA). For the A2 strain that was heat-treated, BEAS-2B cells were seeded on gold R2/1
Quantifoil TEM grids in MatTek dishes and were infected when subconfluent (30–40%)
at an MOI of 10 with the A2 strain. Twenty-four hours post infection, the MatTek dishes
containing TEM grids were incubated for 30 min at 55 °C61. Immediately after heat
treatment, infected cells on gold Quantifoil TEM grids were plunge frozen using a
CryoPlunge 3 apparatus. In all instances, 4 μl of BSA-conjugated 10 nm gold
nanoparticles was applied onto the TEM grid prior to cryoplunging. Cryogrids were
stored in liquid nitrogen prior to imaging with a JEOL JEM-2200FS TEM at 200 kV (JEOL
Ltd., Japan), which is equipped with a field emission gun, an in-column Omega energy
filter with a slit width of 20 eV. Tilt series were recorded semi-automatically using the
SerialEM package from −65° to 65° at 2° increment step, −6 μm defocus, with a total
dose of ∼120 e− Å−2 36,58,95,96. Images were recorded on a Direct Electron DE-20 camera
(Direct Electron, LP, San Diego, CA) at 12 frames per second at a nominal magnification
of 10,000 resulting in a pixel size of 0.614 nm.

Tilt series frames were motion corrected prior to tomographic reconstruction using
python scripts provided by the manufacturer (Direct Electron, LP). Motion corrected
frames were used for tomographic reconstruction in the IMOD software package using
the weighted back-projection algorithm, and the 10 nm gold nanoparticles were used as
fiducials to align frames at the different tilt angles91. Reconstructed three-dimensional
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volumes (unbinned and binned by a factor of 2) were also CTF-corrected by inversing
the phase and de-noised by nonlinear anisotropic diffusion.

Subvolume averaging and model fitting. Subvolumes of RSV glycoproteins were
manually selected (3,827, 2,567 and 1,313 subvolumes for A2, OE4 and A2-heat,
respectively) from tomograms binned by a factor of 2, using EMAN2 e2spt_boxer.py
script97. Initially, two-fold binned data were used in the subvolume averaging process.
Alignments and averaging were performed in PEET 1.11.0 Alpha version, and each
subvolume was normalized (‘flgNormalize=1’) prior to alignment and averaging98. Initial
orientations of the subvolumes were determined using SpikeInit. Particles were
considered duplicates if the center-to-center distance was <60 Å for A2 and OE4 and
40 Å for A2-heat samples; only the ones with the highest cross-correlation coefficient
values were kept. The initial reference was a previously published post-fusion F
glycoprotein (EMDB-2393) low-pass filtered to 60 Å. A soft-edged cylinder mask was
applied during alignment to eliminate contributions from the neighboring particles. Using
the two-fold binned data, six iterations were run with missing wedge compensation (eight
weight groups) and the resulting averages indicated three-fold symmetry, consistent with
the crystal structures. Thus, we imposed C3 symmetry by creating a three-fold
symmetric data set: the first set are the aligned particles, the second and third sets have
all the same tilt angles and positions as the first set, but with either 120° or 240° of twist
rotation along the y axis applied using modifyMotiveList in PEET. The initial subvolume
averages were used as references for refinements with C3 symmetry imposed, and
three more iterative refinements were run with smaller transitional and angular search
ranges and increasing high-frequency cutoff values. The respective translation
information from the two-fold binned data were scaled by a factor of two to match the
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unbinned tomograms, and were used as input MotiveList for three more iterative
refinements on the unbinned data. The final subvolume averages (final pixel size of
6.14 Å, unbinned) with C3 symmetry were reconstructed from 2,268, 1,687 and 823
subvolumes, for A2, OE4 and A2-heat, respectively. The final density maps of F were
low-pass filtered to FSC=0.143 cutoff calculated in PEET, and masked using a soft
edged cylinder generated using SPIDER99 (Figure 4.15). The atomic crystal structures
of pre-fusion and post-fusion F glycoprotein (PDB IDs 4JHW and 3RRT, respectively)
were manually fitted into the final electron density maps using Chimera100.
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Figure 4.15 FSC curves of the sub-volume averages of RSV surface glycoproteins.
FSC curves of different macromolecular complexes in A2 (a), OE4 (b), and A2-heat (c)
strains. The particle numbers used are indicated in the insets. The red lines indicate
FSC 0.5 while the black line indicates FSC 0.143. The pixel size of the final
reconstructions is 6.14 Å.
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Immuno-TEM. BEAS-2B cells were seeded on Alcar disks in 24-well plates and were
infected when subconfluent (50–70%) at an MOI of 10 using A2 and OE4 strains.
Twenty-four hours post infection, anti-pre-F (MPE8)62, anti-post-F (131-2A)60,75, anti-F
(motavizumab, gift from Nancy Ulbrant) and anti-G (131-2G, MAB858-2-5; Millipore),
primary antibodies were added to RPMI-1640 medium at a final concentration of
5 μg ml−1. After primary antibody incubation for 1.5 h at 37 °C, cells were washed four
times with RPMI-1640 medium, and then incubated for 1.5 h at 37 °C with goat antihuman (used for MPE8 and motavizumab) or goat anti-mouse (used for 131-2A and
131-2G) secondary antibody conjugated to 6 nm gold particles in RPMI-1640 medium at
a final concentration of 10–20 μg ml−1. Following additional medium washes, cells were
fixed in 2.5% glutaraldehyde at 4 °C overnight. The next day, fixed cells on Aclar disks
were washed with 0.1 M phosphate butter (pH 7.4) followed by pre-fixation with 1%
OsO4 in 0.1 M phosphate buffer for 1 h. The cells were then washed with deionized
water before dehydration at 5 min intervals in graded concentrations of ethanol (25, 50,
75, 95 and 100%). The cells were then treated with a 1:1 resin mixture of 100% ethanol
and Eponate 12 for 1 h, followed by polymerization with 100% Eponate 12 resin
overnight in the oven. Ultrathin sections were cut between 60 and 80 nm in thickness,
and then stained using 5% uranyl acetate and 2% lead citrate. Sections were imaged as
montages using SerialEM software on a JEOL JEM-1400 TEM (JEOL Ltd., Japan)
equipped with a Gatan US1000 2 k × 2 k CCD camera (Gatan) at × 8,000 nominal
magnification58,59,101.

Montages were assembled using sloppyblend.com script, and further measurements
and quantification were done using the blended maps. The six groups of data (70
montages, 1,515 viral particles) were randomly blinded among groups prior to
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quantification. Total membrane length of a viral particle was measured
using imodinfo command by placing open model points along the viral membrane, where
distinct membrane morphology is present. The 6 nm immunogold particles on both sides
of viral particle membranes were counted separately. Gold particle intensity per particle
was calculated using total gold particles on the viral membrane divided by total viral
membrane length (gold particles per μm of membrane length). Representative images
for the immuno-TEM were selected based on the average gold particle intensities along
the membrane.

RSV thermal stability assay. For the heat treatment experiment, HeLa cells were
seeded onto gold R 2/1 Quantifoil grids in MatTek dishes, and infected at an MOI of 10
with RSV A2-mKate strain. Twenty-four hours post infection, the MatTek dishes
containing the infected cells were incubated at 55 ºC for the indicated time points (0, 5
min, 15 min, 30 min, 45 min, 1 hr, and 2 hr)61. Immediately after heat treatment, the grids
were plunge frozen as described above. Meanwhile, the remaining infected cells from
the same MatTek dish (where the grids were cultured) were scraped, harvested, and
subjected to virus titration, mRNA extraction and real time (RT) PCR.

Virus titration by fluorescent focal unit (FFU) assay. Virus titration was carried out by
infecting serially diluted virus stocks in Vero cells. The cell seeding density was 2 X 104
cells/well in the 96-well plates. Virus attachment was facilitated by spinoculation at 3000
rpm at 4°C for 30 minutes. The infected cells were semi-fixed with 0.75%
methylcellulose DMEM complete medium. The fluorescent focal units (FFU/ml) were
determined 48 hours post infection using mK+ fluorescent signal.
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RSV RNA detection by real time (RT) PCR. The amount of viral RNA was determined
by a real time (RT) PCR assay. Supernatant and cell pellet were collected at 24 hours
post infection. The collected supernatant was briefly centrifuged to remove the cell
debris and RNA was extracted from supernatant and cells using Qiagen RNEasy mini kit
according to manufacturer’s instructions. RSV RNA was assayed by a real-time RT-PCR
assay using AgPath-ID™ One-Step RT-PCR Reagents and the Applied Biosystems
7500 Fast Real-Time PCR System (Life Technologies Corporation, Carlsbad, CA) as
previously described [30]. The primers and probes for the RSV matrix (M) gene (forward
primer, 5′-GGC AAA TAT GGA AAC ATA CGT GAA-3′; reverse primer, 5′-TCT TTT TCT
AGG ACA TTG TAY TGA ACA G-3′; probe, 5′-6-carboxyfluorescein (FAM)-TGT CCG
TCT TCT ACG CCC TCG TC- black hole quencher 1 (BHQ-1)-3′) were obtained from
Integrated DNA Technologies (IDT) (Coralville, IA)102. The cycle threshold (CT) values,
the number of cycles required to exceed the background level, were calculated. Inverse
CT values (1/CT) were used to express the relative amount of RNA extracted from the
cell or supernatant of the infected cells103.

Statistical analyses. All statistical analyses were computationally performed using
GraphPad Prism. The number of replicates and type of statistical analysis performed are
described for all experiments in the figure legends. No statistical methods were used in
predetermining sample sizes.
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Movie 4.1 Cryo-ET of immunolabeled RSV F glycoproteins at the site of virus
assembly on a HeLa cell. This movie is of a z-slice progression through a tomographic
reconstruction and the segmentation of the site of RSV assembly on the surface of a
HeLa cell and corresponds to the data presented in Figure 5. The cell membrane is
presented in cyan. The filamentous actin network is noted in green. The matrix protein is
depicted in blue. The glycoprotein densities are highlighted in magenta. Red tubular
densities correspond to the RNP. Gold densities are the 6 nm gold particles conjugated
to the secondary antibody. Gold fiducial markers 20 nm in diameter were added to the
sample and used as image alignment aids during the 3D tomographic reconstruction
process.
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CHAPTER 5
TECHNICAL DEVELOPMENT AND APPLICATIONS IN BIOLOGICAL SPECIMENS
USING CRYO-ELECTRON MICROSCOPY AND CRYO-ELECTRON TOMOGRAPHY

This chapter describes the technical development and applications in biological
specimens using cryo-electron microscopy and cryo-electron tomography that I
contributed during my thesis research. The contents described in this chapter are
excerpted from the following publications:
1. C. M. Hampton*, J. D. Strauss*, Z. Ke*, R. S. Dillard*, J. E. Hammonds, E. Alonas,
T. M. Desai, M. Marin, R. E. Storms, F. Leon, G. B. Melikyan, P. J. Santangelo, P.
W. Spearman, and E. R. Wright. 2017. “Correlated Fluorescence Microscopy and
Cryo-electron Tomography of Virus-infected or Transfected Mammalian Cells”.
Nature Protocols, Jan;12(1):150-167. doi: 10.1038/nprot.2016.168. *Co-first author.
2. R. S. Dillard, C. M. Hampton, J. D. Strauss, Z. Ke, D. Altomara, R. C. GuerreroFerrerira, G. Kiss, and E. R. Wright. “Biological Applications from the Cutting Edge of
Cryo-Electron Microscopy.” Invited Review Article Submitted to Microscopy and
Microanalysis.
3. C. C. Stobart*, C. A. Rostad*, Z. Ke, R. S. Dillard, C. M. Hampton, J. D. Strauss, H.
Yi, A. L. Hotard, J. Meng, R. J. Pickles, K. Sakamoto, S. Lee, M. G. Currier, S. M.
Moin, B. S. Graham, M. S. Boukhvalovas, B. E. Gilbert, J. C. G. Blanco, P. A. Piedra,
E. R. Wright, and M. L. Moore. 2016. “A Live-Attenuated RSV Vaccine with
Increased Incorporation of Pre-Fusion F Exhibits Enhanced Thermal Stability and
Immunogenicity.” Nature Communications. Dec 21; 7:13916. *Co-first author.
4. H. Yi*, J. D. Strauss*, Z. Ke, E. Alonas, R. S. Dillard, C. M. Hampton, K. M. Lamb, J.
E. Hammonds, P. J. Santangelo, P. W. Spearman, and E. R. Wright. 2015. “Native
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Immunogold Labeling of Cell Surface Proteins and Viral Glycoproteins for CryoElectron Microscopy and Cryo-Electron Tomography Applications.” Journal of
Histochemistry & Cytochemistry. 63(10): 780-792. *Co-first author.
5. G. Kiss, X. Chen, M. A. Brindley, P. Campbell, C. L. Afonso, Z. Ke, J. M. Holl, R. C.
Guerrero-Ferreira, L. A. Byrd-Leotis, J. Steel, D. A. Steinhauer, R. K. Plemper, D. F.
Kelly, P. W. Spearman, and E. R. Wright. 2014. “Capturing Enveloped Viruses on
Affinity Grids for Downstream Cryo-Electron Microscopy Applications.” Microscopy
and Microanalysis. 20: 164-174.
6. A. J. Mitchell, W. D. Gray, M. Schroeder, H. Yi, J. V. Taylor, R. S. Dillard, Z. Ke, E.
R. Wright, D. Stephens, J. D. Roback, and C. D. Searles. 2016. “Pleomorphic
Structures in Human Blood Are Red Blood Cell-Derived Microparticles, Not Bacteria.”
PLoS ONE. 11 (10): e0163582. doi:10.1371/journal. pone.0163582.
7. K. F. Mittendorf*, J. T. Marinko*, C. M. Hampton, Z. Ke, A. Hadziselimovic, J. P.
Schlebach, C. L. Law, J. Li, E. R. Wright, C. R. Sanders, and M. D. Ohi. 2017.
“Peripheral Myelin Protein 22 Alters Membrane Architecture.” Science Advances,
3(7): e1700220. *Co-first author.
8. Y. Jang, W. T. Choi, W. T. Heller, Z. Ke, E. R. Wright, and J. A. Champion. 2017.
“Engineering Globular Protein Vesicles through Tunable Self-Assembly of
Recombinant Fusion Proteins.” Small, 2017 Jul 27. doi: 10.1002/smll.201700399.
9. C. K. Ellison, J. Kan, R. S. Dillard, D. T. Kysela, A. Ducret, C. Berne, C. M. Hampton,
Z. Ke, E. R. Wright, N. Biais, A. B. Dalia, and Y. V. Brun. 2017. “Obstruction of pilus
retraction stimulates bacterial surface sensing.” Science. 358(6362):535-538. doi:
10.1126/science.aan5706
10. R. S. Dillard*, R. C. Guerrero-Ferreira*, Z. Ke, P. D. Aldridge, and E. R. Wright.
“Structural Specificity of Bacteriophage ΦCbK Head Filament to the Caulobacter
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crescentus Flagellum.” Manuscript in preparation. *Co-first author.
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Introduction

The 2017 Nobel Prize in Chemistry was awarded to three pioneers (Jacques Dubochet,
Joachim Frank, and Richard Henderson) in cryo-electron microscopy (cryo-EM) “for
developing cryo-electron microscopy for the high-resolution structure determination of
biomolecules in solution” (Chapter 1, Figure 1.4). Since the “resolution revolution” in
20131, cryo-EM has enabled biologists “zoom-in” into the large and small
macromolecular complexes in frozen-hydrated state2-5; it has been a game changer to
biochemistry field which allowed biochemists resolve atomic structures that they were
not able to crystalize in the past decades6-8. The combined efforts from experts in cryoEM field has made it much more applicable to routine usage and structure determination,
including hardware improvement, specimen preparation, (semi-)automated data
collection, image processing via user-friendly Graphical User Interface, and structure
validation. In 2016, the achieved resolution of a 334 kDa hexameric protein glutamate
dehydrogenase was 1.8 Å, higher than the achieved resolution from crystallography (2.7
Å)4; the smallest protein complex resolved so far was a 64 kDa human haemoglobin with
the help of phase plate technique9,10.

Although it has unforeseen power, there is a drawback in single particle analysis
technique: the macromolecular complexes of interest need to be extracted and purified
out of their native biological functional states. To overcome this, cryo-electron
tomography of whole organisms has proven to be a promising technique to extract
structural information of the macromolecular complexes in its most-close-to-native
state11-19. Combining with sub-tomogram averaging technique, one can extract and
resolve high-resolution structure details of biological protein complexes at sub-
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nanometer or (near-) atomic resolution20-26 In addition, the recent years have seen the
application of cryo-correlative light and electron microscopy (cryo-CLEM), which made it
possible for biologists to identify and locate rare events in biological processes27-30. Even
more excitingly, the newly developed state-of-the-art technique cryo-focused ion beam
(cryo-FIB) milling allows us to micro-machine a whole eukaryotic cell and image the
organelles inside the mammalian cells31-36.

Cryo-electron tomography is particularly useful in determining heterogeneous complexes
from its native-state. Instead of averaging many copies of the same protein complex
oriented at different angles37-40, the specimen typically is tilted from -62º to +62º at an
increment step of 2º (others might use 1.5º, 3º, or 5º)41,42. 2D projections are recorded at
each of these tilt angles, and weighted back-projection algorithm is used to reconstruct
the 3D object43. By tilting the specimen, we can obtain a 3D structure of the
macromolecular complex (a virus, a bacterium, or a protein) from only one copy. The
rich information obtained from the reconstructed 3D structure can be segmented using
visualization software package (e.g. Amira, Thermo Fisher), which allows us to visualize
and characterize the relative spatial organization of a virus, a bacterium, or a protein of
interest. Conveniently, the development of automatic segmentation tool TomoSeg can
reduce the laborious work into and annotate the cellular tomograms using neural
network algorithms44. When there are many of the same macromolecular complex in the
tomograms, we can extract the “sub-tomograms” of these complexes and generate a
higher signal-to-noise ratio structure using sub-tomogram averaging (or single particle
tomography) algorithms20-22,25,26.
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Results and Discussion

Over the past five years, with extensive education and training, I have made great
progress in structural biology, especially in the cryo-electron microscopy (cryo-EM) and
cryo-electron tomography (cryo-ET) field, including specimen preparation, data collection,
and image processing. I have been investigating the structural and functional
characteristics of various biological specimens using cryo-electron tomography, which
resulted in significant contributions to the scientific field demonstrated by the fruitful
publications and presentations in national and international conferences. During my PhD
training, I have co-authored 12 peer-reviewed papers. Among them, four are first-author
papers. They are published in distinguished journals, including Science, Nature
Communications, Nature Protocols, Science Advances, Small, Viruses,
Microscopy and Microanalysis, PLoS ONE, and Journal of Histochemistry &
Cytochemistry. In addition to the publications, I’ve been to more than 10 national and
international conferences and workshops, either presenting my research results or
learning cutting-edge techniques to advance my PhD training. I have also received
Ruska Award for Outstanding Student Presentation in Microscopy. For a full list of the
publications, presentations, and workshops, refer to my Curriculum Vitáe.

The two main biological systems I have worked on are described in Chapters 2, 3 and 4
which are structural analysis of measles virus and human respiratory syncytial virus
assembly using cryo-electron tomography. Other than these two projects, I have also
worked on many other collaborative projects that either focused on technical
development or application in biological specimens using cryo-electron microscopy and
cryo-electron tomography.
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Sample preparation, especially the purity of the sample, is the very first step towards
structural determination of macromolecular complex. Its role is easily overlooked while
its importance cannot be emphasized more. Because of that, many endeavors have
been taken to overcome the difficulty in purifying the sample so that they are more
suitable for cryo-electron microscopy studies. When I first started rotation in the Wright
laboratory at Emory University, my mentor Dr. Gabriella Kiss (now at FEI, Thermo Fisher)
was working on an affinity grid technique. Due to the presence of host-cellular
membrane-derived vesicles and debris, purifying enveloped viruses is challenging. This
new affinity grid technique can provide a superior way to selectively capture enveloped
viruses while gently removing cell debris, making the sample ideal for cryo-EM
applications45. We demonstrated that the affinity grid substrate was able to selectively
capture influenza A virus, measles viruses, and HIV virus-like particles46. In this study, I
was quantified the number of virus particles and membrane-derived vesicles from cryoEM images. That was my very first time to analyze cryo-EM images. I did not appreciate
the power of electron microscopy, or the ability of affinity grid until I started working on
this project. The manuscript is published in Microscopy and Microanalysis46. It wasn’t
until I began to analyze the cryo-EM images that I truly appreciated the power of EM and
the advantages of affinity grid. So this project was my “intro” to the cryo-EM world.

Due to the nature of the imaging modalities cryo-EM uses, one can only distinguish one
protein from the other based on its structure differences. This is different from
fluorescent light microscopy where one can label different components using fluorescent
dyes. However, with the help of immunogold labeling technique, the protein of interest
can be specifically labeled and thus identified from the black-and-white images collected
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from transmission electron microscope. During the course of studying RSV
morphogenesis and its assembly and budding process from infected cells, I have
participated in developing a strategy to immuno-label viral and cellular surface proteins
with electron dense EM markers (immunogold), while preserving the ultrastructure of the
macromolecules in their native state. The fundamental principle of this technique is to
take advantage of the electron dense immunogold (6 nm, or 10 nm, or 15 nm in diameter)
which is conjugated to the secondary antibody. The protein of interest is bound by the
primary antibody and then the primary antibody is bound by the secondary antibody
conjugated with immunogold. In this cascade reaction, the presence of the immunogold
provides the evidence for the presence of the protein of interest. In order to label RSV
particles and locate early assembly events from the infected cells, we developed native
immunogold labeling technique where the surface glycoprotein (fusion glycoprotein) is
used as the protein of interest and labeling is done without permeabilizing the cellular or
viral membrane47. This technique is superior to the conventional technique because we
avoided the fixation and blocking steps. After successfully developing and implementing
this technique, we were able to specifically label the RSV fusion glycoprotein of the RSV
particles from RSV-infected whole-cell tomograms. In addition, we were able to identify
RSV early assembly events from the plasma membrane demonstrated by the presence
of the accumulation of the viral proteins prior to viral filament elongation or budding47.
For this project, I prepared the samples to study RSV structure, collected conventional
TEM data, and analyzed the cryo-EM/ET data. For submission of this article I was
involved in generating figures for the RSV work and in manuscript writing and editing.
The manuscript is published in Journal of Histochemistry & Cytochemistry47. I further
utilized this technique to identify different states of RSV fusion glycoprotein, which laid
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the foundation for the project to quantify prefusion and postfusion states of RSV F
glycoprotein for a live-attenuated RSV vaccine candidate47,48.

With the development and success of the native immunogold labeling technique, we
collaborated with Dr. Moore’s lab to resolve the ratio of RSV’s prefusion to postfusion
conformational state of RSV F glycoprotein in the RSV A2 strain and a live-attenuated
strain (OE4)48. ELISA results from Dr. Moore’s group showed that there is a higher ratio
of prefusion to postfusion F in OE4 strain compared to A2 strain. We used the native
immunogold labeling strategy and conventional thin section TEM to measure the
glycoprotein amount of each glycoprotein on both A2 and OE4 strains. After a thorough
search of literature on quantitative immunogold labeling, combined with extensive
discussions with EM experts from the Wright group, I was able to develop a rational and
feasible method to quantify the surface glycoprotein density. We found that OE4 virus
has a greater density of prefusion F and reduced amount of G compared to A2. The
results agree with the ELISA data. While both methods produced similar results, neither
directly assesses the fusion glycoprotein in its native state. Due to the need for a
definitive understanding of the glycoprotein ratio on different virus strains, we took a step
further and directly assessed the surface glycoprotein states on native viral particles.
Combining cryo-ET and sub-tomogram averaging analysis, one can get a higher signalto-noise ratio (and higher resolution) for a homogenous structure. With help from Dr.
Cheri Hampton and Dr. Joshua Strauss, I was able to resolve sub-tomogram averages
(30-40 Å resolution) of the surface glycoproteins from 3 independent samples: A2, OE4,
and A2 treated with elevated temperature (A2-heat). The first two structures resemble
the prefusion form of F, while the A2-heat structure shows the postfusion form,
demonstrated by manual fitting of the respective crystal structures. We were unable to
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identify other states of F glycoprotein on a particle through structure classification. This
is because in the native state, the universal structure of RSV F is in the prefusion state,
and only when treated with heat do we resolve postfusion state. I contributed extensively
to the structural analysis part of this project, including data collection and analysis,
writing the method section for the EM part of the manuscript, and figure preparation and
manuscript post-editing. This project enabled me to fully appreciate the beauty and
power of sub-tomogram averaging analysis, as it can resolve macromolecules in the
native state. I really enjoyed the journey to the cryo-EM/ET world while I was working on
this project. What I have achieved is included in the manuscript, and I am applying this
technique to other aspects of my project. The manuscript is published in Nature
Communications48.

Not until participating in the cryo-CLEM project did I realize the possibility of bridging the
gap between light and electron microscopy, and hence broaden the richness of
achievable information. Due to the unavailability of a “fluorescent dye” for electron
microscopy, electron microscopists are unable to identify macromolecules they visualize.
However, in recent years, the wonderful development and successful applications of a
new technique called cryo-correlative light and electron microscopy (cryo-CLEM) has
allowed us to identify macromolecules in situ27,29,30. In the Wright lab, we have been
developing this cutting-edge technique with our state-of-the-art equipment including a
Leica Cryo-CLEM system, a 200 kV JEOL JEM-2200FS TEM, an in-column energy filter,
and a direct electron detector. We developed a protocol from equipment setup, sample
preparation, data collection on both light and electron microscopes, and image
processing. I helped in several areas including: sample preparation of RSV-infected cells
on TEM grids, data collection, map correlation between light and electron microscopes,
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figure preparation, and manuscript writing and post-editing. This is a new endeavor in
the EM field and the application is promising in many aspects of biological systems. The
manuscript is published in Nature Protocols29.

Correlative microscopy, as described in the review by Bykov et al27, is very suitable for
tasks such as “finding a needle in a haystack”. Cryo-CLEM can be used in many aspects
of applications; particularly, it has been demonstrated that it is powerful in applications
involving virus-cellular interactions. Virus entry, viral membrane fusion, virus assembly
and budding are rare and dynamic events in the cellular context. In order to capture
these rare events and understand the molecular mechanisms, locating them is a crucial
and time-consuming step. Cryo-CLEM is a powerful technique that can combine the
dynamic live-cell fluorescent imaging data, the location of the rare events from cryofluorescent microscopy imaging, and the high-resolution structural information from cryoEM imaging, and thus bridges the gap between cellular fluorescent imaging and highresolution cryo-EM imaging modalities. In order to achieve the correlation and make full
use of cryo-CLEM, special equipment setups, feasible and functional operation
procedures, and advanced image processing skills are needed.

The overview of cryo-CLEM is described in the flow chart (Figure 5.1) and illustrated in
the workflow with instruments and/or representative images (Figure 5.2). The specimen
should be well assessed and prepared prior to cryo-CLEM imaging by a combinational
methods including fluorescent imaging and biochemical assays. For example, in the
sample preparation and optimization step, fluorescent imaging is used to assess the
quality of RSV-infected cells. Due to the nature of the mammalian cells, only the
periphery of the cells is electron-transmittable. Thus, cells permissive to RSV infection,
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the more spread they are, the more ideal for cryo-EM imaging when investigating RSV
assembly and budding processes. A number of cell lines were examined for their
production of RSV viral filaments and the thickness of the cell when infected with RSV
(Figure 5.3). We found that respiratory tract-derived cell lines BEAS-2B, A549, and
MRC-5 are all suitable for cryo-EM imaging. Next, we cultured the cells on TEM grids
and virus infection on the cells cultured on the TEM grids. In order to keep a great
balance between cell confluency and cell thickness, the density of the cells need to be in
a reasonable range where each cell is separated from each other so that the edge of the
cell can be spread and thin enough (Figure 5.4), making it possible for cryo-ET data
collection of the assembly sites. When the sample is well prepared by plunge freezing
(Figure 5.2c), the specimen is then imaged by cryo-fluorescent light microscopy (cryofLM) to provide the localization information for the events of interest (Figure 5.2d). Once
the event of interest is located by cryo-fLM, the grid is then transferred to the
transmission electron microscope and the coordinates on the cryo-fLM map and the
TEM map will be registered. After registration of the coordinates, intermediate montages
and higher resolution data (cryo-ET) will be performed (Figure 5.2e, Figure 5.5). By
advanced image processing skills, the tilt series from cryo-ET data collection is then
used to create a 3D volume of an event of interest, e.g., RSV assembly at the plasma
membrane (Figure 5.2f and Figure 5.5).
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Figure 5.1 Flowchart of the steps for CLEM of mammalian cells. The protocol begins
with the selection of the mammalian cells, the culturing of the cells on EM substrates, the
infection or transfection protocol, and specimen evaluation by light microscopy. Next, the
samples are plunge-frozen with an automated vitrification system. The frozen grids are
then imaged and mapped by cryo-fLM and cryo-TEM instruments. Map coordinates from
cryo-fLM and cryo-TEM are combined for correlation purposes to facilitate cryo-EM data
collection. From the correlation map(s) and images, intermediate-magnification
montages and cryo-ET data are acquired. The imaging data are then evaluated for
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further image processing, to include segmentation, quantification, and subvolume
analysis.
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Figure 5.2 Workflow of cryo-correlative light and electron microscopy (cryo-CLEM).
Cell culture on TEM grids (a) followed with virus infection and incubation for a certain
period of time. Then fluorescent imaging on the infected cells is used to help determine
the optimal sample preparation condition (b). Once determined, cryo-plunge freezing of
the infected cells using Gatan cryoPlunge 3 system (CP3) is performed (c) and the
frozen grids can be imaged under a cryo-fluorescent light microscope (cryo-fLM) to
obtain fluorescent signal (d). Cryo-electron tomography data collection (e) can be then
performed to obtain the tilt series and the reconstructed tomograms can be segmented
for visualization (f).
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Figure 5.3 Use of fLM to determine cross-sectional cell thickness and cell
permissivity to RSV. (a) Extended-focus images of six cell lines infected with RSV and
immunostained for the RSV fusion protein (red), nucleocapsid protein (green), and
nucleus (DAPI, blue). Colocalization of viral proteins indicates that the cells are actively
producing virus for imaging. (b) Single-axial section through the middle of each cell
shown in (a). The XZ view in b illustrates the relative thickness of the cultured cells and
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shows that the cells will be thin enough at the periphery for TEM imaging. Spinning-disk
confocal and laser-scanning confocal images are shown. NPC stands for Niemann–Pick
type C. Scale bars are 10 µm (a) and 1 µm (b).
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Figure 5.4 Representative light microscopy image of the ideal cell density
present on an EM grid. MRC-5 cells cultured on a carbon-coated gold EM grid prior to
infection or plunge freezing. Asterisks identify representative healthy MRC-5 cells that
are spreading across the carbon film of the EM grid. Scale bar, 50 μm.
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Figure 5.5 Montage maps provide cellular context for cryo-ET data. (a) Montage of
RSV A2-infected A549 cells taken at 10,000 × using the energy filter for improved
contrast. The cell membrane is regular and intact, with filamentous RSV protruding from
it. Scale bar is 2 μm; inset scale bar is 500 nm. (b) Segmented cryo-ET data from inset
in a indicating membrane (cyan), glycoproteins (yellow), RNP (red), and actin filaments
(magenta). Data were collected at 8,000 × on a DE-20 camera system. Data is binned
by 2, pixel size is 14.94 Å. Scale bar is 500 nm.
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In the examples of RSV-infected A549 cells and HIV-1 Gag-tetherin studies, the entire
cryo-CLEM workflow was used to locate RSV G glycoprotein and HIV-1 Gag-tetherin. In
the study of SBA488 labeled RSV-infected A549 cells49, SBA488 can preferentially label
RSV G glycoprotein and thus locating the viral filaments. By cryo-CLEM, we found RSV
particles nearby an infected cell and the fluorescent signal corresponds to the cryo-ET
data well, providing evidence that the labeling is specific to RSV filaments, and the
labeling is efficient in finding the viral filaments; or else it will be a very time-consuming
task to locate these viral filaments (Figure 5.6). In the study of a cellular restriction
protein, tetherin (or BST-2)29,47,50, HIV-1 Gag and tetherin transfected HT1080 cells were
examined using cryo-CLEM to demonstrate that the presence of tetherin can restrict the
release of the budded HIV-1 particles (viral like particles in this case), thus forming the
clusters of HIV-1 particles nearby the cell. Since these events are rare and hard to locate,
cryo-CLEM makes it possible to find these events in the cellular environment. The
results show that the detailed correlation of the fluorescent signal (HIV-1 Gag and
tetherin) and the structural information from cryo-ET (Figure 5.7).
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Figure 5.6 Cryo-CLEM imaging of SBA488 labeled RSV-infected A549 cells. (a)
Cryo-fluorescent imaging of SBA488 labeled RSV G glycoprotein (green signal). The red
signal is from the mKate2 protein expressed cytosolically by the A2-mK2 viral genome.
(b) Cryo-EM imaging of the larger black box region from a. Two RSV particles are
present in the two boxed regions. (c-d) Tomographic slices of cryo-ET data from the two
boxed regions from b. Scale bars are 20 µm (a), 1 µm (b), and 200 nm (c and d).
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Figure 5.7 Entire cryo-CLEM imaging workflow with an HIV-1 Gag-tetherin
specimen. (a) Overlay of cryo-fLM and cryo-TEM montage. Inset is the point of
interest, with yellow fluorescent signal representing colocalization of mCherry-Gag
(red) and EGFP-tetherin (green). (b) 10,000 × polygon montage. White box indicates
area where tilt series was collected. (c) Tomographic slice (6.14 nm) through a cluster
of HIV-1 VLPs tethered to HT1080 cell extension. Scale bars are 50 µm (a), the inset
is 3 × in a, 2 µm (b) and 200 nm (c).
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On December 30, 2016, Professor Elizabeth R. Wright (my PhD advisor) approved me in
independently operating JEOL JEM-2200FS Transmission Electron Microscope. Starting
from 2017, I collected more cryo-ET data needed for RSV morphology project while
working on MeV assembly project. Other than working on my main projects in MeV and
RSV, I have worked on other collaborative projects. Between April and June 2017, I got
involved in three projects from Vanderbilt University, Georgia Institute of Technology,
and Indiana University. All the three projects were collaborative work and required cryoET data analysis of biological/biochemical specimens. In addition to the projects that I
did data collection, I have also participated projects where I was involved in data
analysis and image processing, including the “red blood cell-derived microparticles”
project and the projects in Caulobacter crescentus system. The detailed aims,
procedures, and the achieved results by using cryo-ET and image analysis are
described in great details below.

In the collaboration with Dr. Melanie D. Ohi from Vanderbilt University (now at University
of Michigan), we used cryo-ET technique to investigate the myelin-like assembly (MLA)
by reconstituting the peripheral myelin protein 22 (PMP22) and lipid in vitro. Cryo-ET
data demonstrated that the MLAs are “flattened, stacked, and wrapped vesicles”. The
combined results indicated that the PMP22 protein could organize membrane assembly,
similar to the peripheral nervous system myelin. Postdoc Cheri Hampton had been
working on this project earlier, and the paper was under revision stage at that time. The
reviewers commented that more cryo-ET data to support the MLA structure would be
necessary. I worked with Cheri Hampton on sample preparation. I did tilt series data
collection on JEOL JEM-2200FS and tomogram reconstruction; Cheri Hampton and I
worked together on manual segmentation using Amira software for figure preparation. I
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contributed in method editing, figures for the manuscript (Figure 5.8, Figure 5.9), and
prepared supplemental movies. The manuscript is published in Science Advances51.

255

Figure 5.8 MLAs examined by cryo-ET. (a) Representative tomographic slices (1.47
nm) of two MLAs. * denotes MLAs in image. (b and c) Two MLAs from (a). Arrowheads
indicate the ends of MLA. (d and e) Segmentation view of the corresponding MLA from
(b) and (c). Scale bars, 100 nm (a, b, and d) and 50 nm (c and e).
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Figure 5.9 MLV vesicles examined by cryo-ET. (a to b) Two representative
tomographic slices (0.588 nm) of MLV vesicles. (c to d) Zoom-in view (3 ×) of boxed
regions from b showing detailed views of the lipid bilayer indicated by the arrowheads.
Scale bars are 100 nm (a and b) and 20 nm (c and d).
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For the globular protein vesicle assembly project that collaborated with Dr. Julie A.
Champion from Georgia Tech, we faced the limitation of sample thickness for cryo-ET
sample, where the globular protein vesicles were more than 1 µm in thickness, beyond
the ability for the electrons to transmit through the sample, thus we were not able to
resolve the interior structure of the protein vesicles. However, we were able to resolve
that the protein vesicles assembled using different protein concentration were different
from each other in size and overall morphology, which supported the hypothesis. This
project was in revision stage and the reviewers stated that cryo-EM work could be done
on the sample to show the differences on the single- and double-layer protein vesicles.
Postdoc Yeongseon Jang from Champion lab and I worked together on sample
preparation and optimization for both cryo-EM work and negative stain TEM. I spent a
good amount of time on the microscope just to learn what the sample was and how they
should look like under cryo-EM. I collected both 2D projection images and tilt series for
cryo-ET analysis. I prepared the figures and wrote/modified the method section for the
manuscript re-submission. The manuscript is published in Small52.

The resolution of cryo-TEM results obtained was insufficient to differentiate the
membrane structures and thicknesses of the micron-scale single-layered and doublelayered vesicles. There is a trade-off in cryo-TEM between spatial resolution and
specimen thickness. Since thicker specimens have lower achievable resolution, cryo-EM
method is mostly limited to samples smaller than 500 nm. Our protein vesicles have
micron-scale diameters but present 10-20 nm-thick-membranes according to SANS,
which was the main technical problem in obtaining vesicle membrane images by cryoEM. However, the 3D tomography data convincingly show that the vesicles are intact
spherical objects (Figure 5.10). It also demonstrates that the vesicle boundaries are not
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smooth but have texture and borders that are defined by the protein characteristics and
assembly properties. Additionally, the 2D cryo-EM projections do show a difference in
contrast between single-layer and double-layer vesicles (Figure 5.10)52.
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Figure 5.10 Cryo-EM/ET images of protein vesicles. Cryo-EM of (a) a single-layered
and (b) a double-layered vesicle. Cryo-ET of (c) a single-layered and (d) a doublelayered vesicle. All scale bars are 500 nm.
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With the continuing training in cryo-EM and the ability to perform cryo-ET imaging and
data analysis, I was asked to help study red blood cell-derived microparticles. This
project allowed me to be trained on cryo-ET sample preparation, and especially the data
collection and operation of the microscope. The purpose of this study was to determine
whether the pleomorphic structures in human blood are bacteria. By using different
modes of imaging, previous data indicated that the structures were not bacteria.
However, the data collected by conventional TEM or SEM imaging was not convincing
enough due to the process of chemical fixation and dehydration. To clarify this, a
graduate student Rebecca Dillard and I worked together to investigate the morphology of
the particles by cryo-ET. Our results demonstrated that these pleomorphic structures
divided into two groups, one was empty (vesicle-like), and the other was filled with
proteins (particle-like) (Figure 5.11). By using cryo-ET, it is clear that the pleomorphic
particles are microparticles, not bacteria. The manuscript is published in PLoS ONE53.
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Figure 5.11 Representative 3D cryo-electron tomography data and visual
characterization of RBC-derived microparicles (RMPs). a, Tomographic slices
through 3D volumes of RMPs. Scale bars are 200 nm. b, RMPs were measured and
were characterized as either round or pleomorphic, and as either full or empty. The
number of each particle type, percent of the total, mean diameter, and standard
deviation are presented in the table.

262

Right after I joined the Wright laboratory, I worked with Dr. Ricardo Guerrero-Ferreira (a
former postdoctoral fellow) on bacterial appendages. In this project, we aimed to resolve
the relationship between Caulobacter crescentus flagellum composition and phage
predation. Flagellum length is a potential factor in regulating C. crescentus motility and
phage adsorption. I prepared samples for negative stained TEM imaging, collected 2D
images, and measured flagellum length in 16 different strains of C. crescentus, both wild
type and mutants. I analyzed the results, prepared figures of flagellum length
measurements as well as representative images of each strain (Figure 5.12 and Figure
5.13). Together with motility and adsorption assays, we came to conclude that phage
predation pose a selective pressure on C. crescentus flagellin composition. Thanks to
this project, I “got my feet wet” in EM field by doing negative stained TEM and

During the project “Obstruction of type IV tad pilus retraction stimulates surface sensing
by Caulobacter crescentus”, which was a collaborative work with Dr. Yves V. Brun from
Indiana University, where I joined the work where Rebecca Dillard and Cheri Hampton
were working on. Using 3D reconstruction technique from tilt series and manual
segmentation method with Amira, we illustrated the cell envelope and structure of pilus
fiber were non-altered neither with the addition of the fluorescent dye nor the introduction
of the cysteine residue (Figure 5.14). In this project, graduate student Rebecca Dillard
did all sample preparation and data collection. I helped with 3D tomogram reconstruction
and manual segmentation using Amira software. I also helped with figure preparation
(Figure 5.14) and method editing. The manuscript is published in Science54.
quantitative analysis.
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Figure 5.12 Transmission electron microscopy images of negatively stained C.
crescentus flagellin gene deletion strains examined. The images depict that most
strains examined maintained near-to wild type length flagella. Only FljJ (b) and FljNO (h)
presented a severely truncated flagellum that lacked an appreciable flagellar filament.
Scale bars are 1 μm, inset scale bar in panel b is 200 nm.
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Figure 5.13 Flagellum length measurements of C. crescentus. Distribution of
flagellum length for wild type (NA1000) and flagellin gene deletion strains. The black
points indicate individual measurements of each flagellum. Error bars indicate standard
deviation. Thicker, central red bar represents the average length measurement for each
strain.
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Figure 5.14 Tad type IVc pili undergo dynamic cycles of extension and retraction.
Slices from tomograms and corresponding 3D segmentations of wild-type, PilAT36C,
PilAT36 labeled with AF594-mal, and PilAT36C blocked with PEG5000-mal and labeled
with AF594-mal. In 3D segmentation volumes, flagella are pink, pili are blue, S-layer is
gold, outer membrane is yellow, and inner membrane is red. Scale bars are 200 nm.
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Materials and Methods

For projects regarding “native immunogold labeling” and “live-attenuated RSV vaccine
candidate”, the methods are described in the published manuscripts47,48 and in this
dissertation extensively (Chapter 4). For the cryo-CLEM project, the methods were
described in protocol format in the published manuscript in Nature Protocols29. As the
reasons stated above, this chapter will not go into the details for these three projects.
For other projects mentioned in this chapter, the methods and materials are described
below and excerpted from published manuscripts.

For Peripheral myelin protein 22 (PMP22) project, the methods are excerpted from the
published paper51. For cryo-ET sample preparation, bovine serum albumin–conjugated
10-nm gold nanoparticles were mixed with the MLA sample to achieve an appropriate
density for fiducial markers. Four microliters of the mixed solution were applied onto the
glow-discharged 200-mesh copper R1.2/R1.3 Quantifoil transmission electron
microscopy (TEM) grid (Quantifoil) before cryo-plunging in liquid ethane using a Vitrobot
Mark III system (FEI). Cryo-grids were stored in liquid nitrogen before imaging. Cryo-ET
data were collected using a JEOL JEM-2200FS field emission TEM (FEG-TEM) at 200
kV (JEOL Ltd.), which is equipped with an in-column Omega energy filter with a slit width
of 20 eV. Single-axis tilt series were recorded semi-automatically using the SerialEM
package from −65° to 65° at 2° increment step (bidirectional), −6 μm defocus, with an
accumulative dose under 130 e−/Å2 29. Images were recorded on a Direct Electron DE-20
camera (Direct Electron LP) at 24 frames per second at a nominal magnification of
20,000 ×, resulting in a pixel size of 0.294 nm.
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Tilt series frames were motion-corrected before tomographic reconstruction using python
scripts provided by the manufacturer (Direct Electron LP). Motion-corrected frames were
used for tomographic reconstruction in the IMOD software package using the weighted
back-projection algorithm, and the 10-nm gold nanoparticles were used as fiducial
markers to align frames at the different tilt angles43,55. Images were contrast transfer
function–corrected by phase-flipping before reconstruction of the 3D volumes (binned by
a factor of 2). Volume-rendered segmentations were performed manually using the
Amira package (FEI Visualization Sciences Group)29. Visualization and movie making
were carried out in IMOD and Amira software packages.

For the globular protein vesicle project collaborated with Dr. Champion from Georgia
Tech, the sample preparation methods are excerpt from the published manuscript52 and
described below. For cryo-electron microscopy (cryo-EM) and cryo-electron tomography
(cryo-ET) 4 μl of each protein vesicle solution was applied onto the glow-discharged 200
mesh, copper R2/1 or R3.5/1 Quantifoil TEM grid (Quantifoil, Germany) prior to cryoplunging in liquid ethane using a Vitrobot Mark III system (FEI, Hillsboro, OR, USA).
Cryo grids were stored in liquid nitrogen prior to imaging. Data collection and image
processing procedures were previously outlined29. Briefly, cryo-ET data collection was
carried out using a JEOL JEM-2200FS 200 kV FEG-TEM (JEOL Ltd., Tokyo, Japan)
with an in-column Omega energy filter (slit width 20 eV). Polygon montages were
collected at 10,000 × nominal magnification using US4000 4k x 4k camera (Gatan,
Pleasanton, CA). Tilt series were semi-automatically collected with 2° angular
increments (-60° to 60°) using the SerialEM package41 A cumulative electron dose
between 80 e-/Å2 and 100 e-/Å2 was used. Tilt series images were collected on a DE-20
direct electron detector (Direct Electron LP, San Diego, CA) in movie mode at 12 frames
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per second, with an effective pixel size 6.14 Å (10,000 x nominal magnification) on the
level of the specimen. All frames were motion corrected using python scripts provided by
Direct Electron. Tomograms were reconstructed from the aligned images and CTF
corrected by phase flipping using the IMOD software package43,56.

For the red blood cell-derived microparticles project, cryo-ET sample preparation and
image processing are excerpt from the published manuscript53 and described as below.
Purified RBC-derived microparticles (4 μl) were applied to Quantifoil R 2/1 TEM grids
and plunge frozen using an FEI Vitrobot Mark III system (FEI, Hillsboro, OR). 10 nm
BSA-treated colloidal gold fiducial markers were mixed with the sample prior to freezing.
Images were acquired using a JEOL JEM-2200FS field-emission TEM (JEOL Ltd.,
Japan) operated at 200 kV and equipped with an in-column Omega energy filter (slit
width: 20 eV). Montages were collected on a Gatan US4000 4k × 4k CCD camera
(Gatan) at 10,000× nominal magnification. Montages were stitched together prior to
particle counting and diameter measurements. Diameters were measured using the
imodinfo command by placing open model points at two ends of the particles. Tilt series
were collected using the SerialEM software package41 from -62° to 62° at 2° increments,
with a defocus of -6 μm and a total dose of ~135 e- /Å2. Tilt series were recorded on a
Direct Electron DE-20 (Direct Electron, LP, CA) at 12 frames per second and a nominal
magnification of 10,000 × (pixel size 6.14 Å)47. Frames were motion corrected using
scripts provided by the vendor (DE). The images were CTF-corrected by phase inversion
and the three-dimensional reconstructions were calculated via the weighted-back
projection algorithm using IMOD software43. The reconstructed volumes (binned by 2)
were further denoised using nonlinear anisotropic diffusion as implemented in IMOD.
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For the Caulobacter crescentus projects, negative staining process was done as
described below. Samples were prepared for TEM by first glow discharging 400-mesh
copper, carbon-coated, formvar grids (EM Sciences) for 40 seconds. Five µl of overnight
cultures of C. crescentus were applied to the grids and allowed to adsorb for one minute
before being washed three times with fresh PYE and stained with 1% phosphotungstic
acid (PTA; pH 6.8) for 1 minute. Negatively stained C. crescentus cells were imaged on
a JEOL JEM-1400 transmission electron microscope (TEM; JEOL, Ltd., Japan)
equipped with a LaB6 filament and operated at an accelerating voltage of 120 kV. In
order to capture the total length of the bacterial flagellum, images at a low magnification
of 2,000 ´ were digitally captured on a Gatan Ultrascan US1000 (2k ´ 2k) CCD camera
(Gatan, Pleasanton, CA). Images were imported into ImageJ and flagellar length was
quantified using the measure analysis option57. The average flagellum length for each C.
crescentus strain was determined from at least 25 (except strain FljJ) flagella that were
intact and attached to the cell. The presence or absence of flagella and the ability of
φCbK to infect the C. crescentus strains was also investigated.

For cryo-ET sample preparation of the Caulobacter project, the methods were described
and excerpted from the published manuscript54. 4 μl aliquots of bacterial cultures were
combined with 10 nm gold fiducials and were plunge frozen on glow-discharged, 200
mesh, copper Quantifoil grids (Quantifoil, Germany) in liquid ethane using a Vitrobot
Mark III system (FEI, Hillsboro, OR, USA). The grids were observed in a JEOL JEM2200FS field emission TEM (FEG-TEM) (JEOL Ltd., Tokyo, Japan) operated at 200 kV
and equipped with an in-column energy filter (20 eV slit width), a DE-20 direct detection
device (Direct Electron LP, San Diego, CA, USA), and a 4k x 4k UltraScan 4000 CCD
camera (Gatan, Pleasanton, CA, USA). Single axis tilt series were acquired with
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SerialEM41, with an increment of 2° covering −62° to +62°. The cumulative dose was
under 130 electrons/Angstrom2 and the defocus was between −6 and −9 μm. The
tomograms were reconstructed by r-weighted back projection using IMOD43,55. Volumerendered segmentations were performed manually using the Amira package (FEI
Visualization Sciences Group, Hillsboro, OR, USA).
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS

This chapter describes the conclusions and future directions on RSV projects. For the
MeV project, the conclusions and future directions are extensively discussed (Chapter
2). The conclusions part will be a summary of the previous work that has completed on
RSV projects, while the future directions part will be projects that stem from the
completed RSV projects and worth future endeavor to investigate more. In the future
directions part, I will discuss the unique organizations of RSV structural proteins
revealed by cryo-ET. More specifically, we have observed two unique organizations on
RSV particles: (1) RSV surface glycoproteins form two types of organization being “rowlike” organization or hexagonal lattice organization; (2) the ring-like structure inside RSV
virions that we hypothesize they are formed by the M protein. The contents described in
this chapter are unpublished results.

Conclusions

RSV is known for its pleomorphic nature, being filamentous, spherical, and irregular (or
asymmetrical)1,2. However, when studying RSV-infected cells using whole-cell
tomography, my research results demonstrate that RSV morphology is filamentous
across different cell lines and multiple virus strains, with only 7% of them are being
spherical. The results also show that there are significantly fewer irregular/asymmetrical
particles observed in the whole-cell tomography than in the purified particles population.
Although the predominant form of RSV morphology is filamentous, the dimensions of
these filamentous particles vary from one to another in both filament length and filament
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diameter. In addition, there also exists branched or bulged particles. Interestingly, the
organization of structural proteins and their spatial distribution remain the same in the
filamentous particles: the surface glycoproteins anchor on the outside of the viral
membrane and the M protein lies underneath the membrane; the linker protein M2-1
juxtaposes in between M and the RNP complex2,3. This structural arrangement is
consistent in both the purified particles, released virions, and in the assembling viral
filaments.

RSV morphogenesis is further explored during my thesis research by investigating RSV
assembly steps. By studying RSV-infected cells using high-speed microscopy imaging
and thin-section TEM, it has been shown that the elongation speed of RSV filament is
around 200 nm / sec at the plasma membrane4 and it can form viral filaments up to 10
µm5. However, using fluorescent microscopy technique, a recent study demonstrate that
the filament formation happens inside the cytoplasm before reaching the plasma
membrane6. Using whole cell tomography of frozen-hydrated RSV-infected cells, our
results exhibit strong evidence that RSV assembles at the plasma membrane. In
addition, we have also captured different stages of RSV assembly, including initiation at
the plasma membrane, formation of the short filament, viral filament elongation, and
scission to release the viral filament (Chapter 3). What’s exciting is that we have
captured events where accumulation of viral proteins at the plasma membrane but no
viral filaments formed yet, and clearly there are viral filaments forming at different stages
nearby. These areas where accumulation of the viral proteins at the plasma membrane
are believed to be the early assembly events: initiation of the viral filament. By
implementing native immunogold labeling, we have confirmed the cluster of the surface
glycoproteins are RSV specific glycoproteins7 (Chapter 4). Furthermore, in order to
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distinguish the early assembly events and the entry events, we treated the infected cells
with RSV fusion inhibitor (BMS-433771) to eliminate any fusion/entry related events.
Thus, what we observe would be early assembly events rather than the entry events.
Our results show that in the presence of the fusion inhibitor, the accumulation of the viral
proteins was still observed at the plasma membrane in multiple instances, indicating
these events are real early assembly events.

In the elongation process, the M protein was suggested to be the driving force for
filament elongation, as shown by SEM results of a M-null RSV mutant virus8. Our results
show that in the elongating filaments, the M layer always lines under the membrane at
the assembly site, and the surface glycoproteins are decorated on the viral membrane
where there is the M layer (Chapter 3). The scission process of many enveloped viruses
(such as HIV) is dependent on the endosomal sorting complexes required for transport
(ESCRT) machinery9,10. However, the scission mechanism of RSV is unknown and it
was shown that RSV budding process is Vps4-independent as shown from the Crowe
group11. Our cryo-ET results of RSV-infected cells show scission events at the plasma
membrane where the filament is formed and the “neck” region gets smaller. The overall
assembly steps provide clear evidence that RSV assembles as a filamentous particle at
the plasma membrane.

RSV surface glycoproteins have drawn unavoidable attention by virologists and
structural biologists due to their significance in anti-viral drug design and vaccine
development. F glycoprotein has two conformational states: prefusion and postfusion.
The prefusion F can elicit the membrane fusion between the virus and the host by
forming a six-helix bundle, thus releasing the genomic materials into the host. Meanwhile,
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it is the prefusion conformational state, but not the postfusion conformational state, that
triggers the host immune system and subsequently leads to the production to anti-RSV
antibodies. It has been shown that the increased ratio of the prefusion F to the
postfusion F on the viral particles can lead to elevated immunogenicity12,13. By
immunogold labeling and thin-section TEM, the quantitative analysis of different surface
glycoprotein components has demonstrated that the engineered RSV mutant “OE4”
exhibits a higher ratio of prefusion F comparing to the wild type A2 strain. This was
further illustrated by cryo-ET and sub-tomogram averaging results, where we show that
the predominant form of the surface glycoprotein is in the prefusion state on the
filamentous particles13. When heat-treated, the surface glycoproteins change from
prefusion F to postfusion F, indicating that heat can trigger the conformational change of
RSV F glycoprotein14, which is also associated with the detachment of the M layer from
the viral membrane.

In conclusion, my thesis research on RSV projects has a thorough understanding of
RSV morphology, assembly, and the structural organization in the released virions and
at the assembly sites, and the conformational states of RSV F in the native viral
filaments. Combining these results, it provides the foundation of RSV architecture and
the assembly model in the cellular context, which will shed light on the anti-viral drug
design and vaccine development.
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Future directions

Despite the morphological differences in RSV particles, my thesis study suggests that
there are common features of RSV structural protein organization. These unique and
common structural organizations observed are: (1) RSV surface glycoproteins form two
types of organization being “row-like” organization or hexagonal lattice organization; (2)
the ring-like structure inside the RSV virions and we hypothesize that the ring-like
structures are formed by RSV M protein. These unique phenotypes have not been
observed in the closely related MeV particles, and I will discuss the significance of these
phenotypes to RSV and other closely related mononegaviruses.

Two types of RSV surface glycoprotein organization

There are 3 kinds of surface glycoproteins on RSV viral particles: the fusion glycoprotein
(F), the attachment glycoprotein (G), and the small hydrophobic glycoprotein (SH)15,16.
The SH glycoprotein is a very small ion channel protein that its size is insignificant
comparing to F and G glycoprotein, and it is dispensable for virus assembly and
infectivity13,17-19. There are two conformational states of the F glycoprotein: prefusion
state and postfusion state. The prefusion F is a metastable conformational state where
the fusion peptide is not yet exposed; the postfusion F is a “lollipop” shape that is very
stable and structurally rearranged from the prefusion F15,16,20-22. While both the prefusion
and postfusion F structures were characterized by both X-ray Crystallography and cryoelectron microscopy and cryo-electron tomography1,13,21,22, the structure of G is highly
glycosylated and predicted to have two conformations, and it’s atomic structure is
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unknown23,24, but the G structure of a closely related Hendra virus was resolved by X-ray
Crystallography25.

Liljeroos et al. demonstrated that when in prefusion state, RSV F form “row-like”
organization on the viral surface; when in postfusion state, RSV F does not have any
long-range order1. From RSV-infected whole cell tomography data, it was shown that
RSV F are predominantly in the prefusion conformation on the filamentous particles13.
Based on these observations, it was logical to predict that RSV F form “row-like” pattern
on the filamentous RSV particles form RSV-infected cells. Our data from RSV-infected
cells does show extremely obvious phenotype of the “row-like” organization in multiple
RSV strains (Figure 6.1, Figure 6.2).

A recent study shows that the Nipah virus prefusion F glycoproteins form a unique
hexamer-of-trimer lattice arrangement26; this architecture plays a significant role in fusion
pore formation during virus entry into the cell. However, the architecture of the
hexagonal lattice was demonstrated by X-ray Crystallography of purified proteins and
electron tomography of virus-like particles (VLPs) of negatively stained samples. Though
fully supported by a series of biochemical assays in combination with virus-virus and
virus-cell experiments, it is difficult to correlate the functionality to this unique
architecture, due to the lack of demonstrating the hexagonal lattice arrangement on true
virus particles in its most native state. Another study on the native prototype foamy
virus (instead of VLPs) demonstrates that the trimeric prefusion Env glycoproteins form
hexagonal assemblies27 on the true viral particles. This architecture of the fusion
glycoproteins helps stabilize the metastable conformation state of the prefusion Env
glycoproteins of the foamy virus. These two studies demonstrate that the viral surface
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glycoproteins could form hexagonal lattice assemblies, and this unique glycoprotein
organization is important in stabilizing the prefusion conformational state of the
glycoproteins and in triggering the cascade reaction at an entry event.

This unique phenotype of the hexagonal lattice organization composed of surface fusion
glycoproteins was also observed on RSV viral particles (Figure 6.2 and Figure 6.3). By
imaging RSV-infected cells in its frozen-hydrated state at cryo temperature using cryoET, one can achieve macromolecular resolution (2-8 nm) from the 3D reconstructed
tomograms. This phenotype is observed in HeLa, MRC-5, BEAS-2B cell lines, in A2 and
OE4 viruses. This phenotype is less frequently seen in other virus than in OE4. OE4
virus is a mutant virus that has thermostable F, and more prefusion to postfusion F ratio,
codon-deoptimized G (dGm only), and ∆SH, dNS1/dNS2 genes13. The distribution of the
observed hexagonal lattice varies on the viral surface: in some cases, there is
continuous hexagonal lattice on the viral membrane, while in other cases, the hexagonal
lattice is individually formed and separated from one another. Six individual subunits
have been resolved, either by raw tomographic reconstruction (Figure 6.3), or by subtomogram averaging analysis (Figure 6.4). Further analysis of the hexagons indicates
that it might be composed of “doublets” arranged in the hexagonal geometry (Figure
6.5). So the smallest unit of assembly could be the doublet instead of the hexamers. In
the “ordered-row” organization, the “doublets” were also observed. Quantitative analysis
suggests that the hexagonal organization of the doublets has tighter packing for the
glycoproteins comparing to the ordered rows.

Our sub-tomogram averaging results show that the base unit for the lattice has C6
symmetry, indicating a hexagonal arrangement (Figure 6.4 and Figure 6.5). We
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hypothesize this interaction and network is helpful for stabilizing metastable prefusion F.
In the lattice, each subunit, i.e., the trimer of F is interacted with another 3 trimers,
making it a paracystalline network. This study is important because this lattice arrays
can be an alternative mechanism for virus assembly, since it can contribute to the
curvature of the membrane, shaping the morphology of RSV, and potentially can be the
driving force for the assembly. In addition, the formation of the lattice may play a role in
facilitating virus entry. When G binds to the cell host receptor, the associated
conformational change can trigger fusion glycoprotein conformational change
simultaneously by inter- and intra-hexagonal subunit interactions, making the F
glycoprotein “ready-to-fuse” form. With prefusion F in a hexagonal lattice organization, it
can transduce the change more rapidly and more systematically. The cascade model
has been proposed in Nipah virus26.

In order to support the hypothesis, we further carried out experiments via sub-tomogram
averaging to resolve the structure of individual subunits within the hexagonal lattice. By
picking the individual subunits and determining their Euler angles and translations in 3D,
we found that the structure of each individual subunit resembles the trimeric prefusion
conformational state of RSV F, with a good rigid-body fit when docking with RSV F
prefusion structure (Figure 6.4 e-f).

Future work can be focused on the transitional changes of RSV F during membrane
fusion, thus addressing the molecular mechanisms of virus entry. The interactions
between RSV F and G is also interesting and worth investigating since the interaction
between G and the cellular receptor is the initial step of the cascade reaction. The
interactions between the “doublets” is another interesting point, since the classification
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results from the hexagonal lattice suggests that the subunit of the paracrystalline array
could be the “doublets” of trimers instead of hexamer of trimers. The packing density of
RSV trimers differs from various packing patterns, and the amount of RSV F trimers that
could be packed in the hexagonal lattice organization is higher than either “row-like”
pattern or no long-range ordering, suggesting a mechanism behind this paracrystalline
array packing.
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Figure 6.1 RSV glycoprotein organizations on the viral surface of the filamentous
particles from RSV-infected cells. (a) The main differences in RSV F glycoprotein of
A2 strain (A2 F) and line 19 strain (line 19F, L19 F) are illustrated, as depicted by the 5
amino acids (aa.) at sites 79, 191, 357, 371, and 557. (b) The complete genomic
constructs of RSV strains and comparisons are illustrated. dNSh represents a codon
deoptimization approach to develop live-attenuated vaccine candidate28. d, codondeoptimized; mKate, monomeric Katushka2; NS1/NS2, nonstructural proteins 1 and 2;
N, nucleoprotein; P, phosphoprotein; M, matrix; SH, small hydrophobic protein; G,
attachment glycoprotein; F, fusion protein; M2-1 and M2-2 are M2 proteins; L, large
polymerase.
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Figure 6.2 RSV glycoprotein arrangements in wild type and mutant viruses on the
viral surface of the filamentous particles from RSV-infected cells. The genome
constructs of the virus strains are represented in Figure 6.1 b, and the top and center
tomographic slices (12.28 nm) are shown for each representative virus strains. Note the
“row-like” packing in a-e and hexagonal lattice packing in f. Scale bars are 100 nm.
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Figure 6.3 Two types of glycoprotein organization in the wild type and mutant RSV
particles. (a-c) A2-RSV-infected HeLa cells showing ordered glycoproteins in “row-like”
arrangement. Averaged tomographic slices (9.14 nm) showing side view (a) and top
view (b); (c) Segmentation representation showing membrane (cyan) and glycoproteins
(yellow). Spacing between rows are 14 nm (side view) and 12 nm (top view). (d-f)
Recombinant RSV OE4 (rRSV-dNSh-ΔSH-dGm-Line19F(I557V)) infected BEAS-2B
cells showing surface glycoproteins form partial hexagonal lattice. Averaged
tomographic slices showing side view (d, 12.3 nm), top view (e, 12.3 nm), and
corresponding segmentation view (f). Note the partial hexagonal lattice (enlarged 1.5 x)
in the dashed box (e). Scale bars are 100 nm.
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Figure 6.4 Sub-tomogram average of RSV glycoprotein hexagonal lattice and
individual subunit. (a) Sub-tomogram average of the hexagonal lattice arrangement of
the surface glycoproteins from OE4-infected BEAS-2B cells. (b) Rotational selfcorrelation plot showing six-fold symmetry (C6) of the averaged structure. (c-d) Model
fitting of the averaged map, the prefusion F crystal structure (PDB ID 4JHW) was
manually fitted as rigid-body into the map. Note that in d, the interaction points between
the subunits are proposed based on the fitted model. (e-f), Sub-tomogram average of
individual glycoproteins resemble a prefusion state. PDB ID for the crystal structure is
4JHW. Scale bars are 5 nm.
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Figure 6.5 Sub-tomogram average of RSV glycoprotein hexagonal lattice and
different classes. (a-b) Sub-tomogram average of the hexagonal lattice arrangement of
the surface glycoproteins from OE4-infected BEAS-2B cells. (c) Rotational selfcorrelation plot showing six-fold symmetry (C6) of the averaged structure. Model fitting is
the prefusion F crystal structure (PDB ID 4JHW). (d-g) Representative classes after
PCA classification based on the hexagonal lattice differences. From these classes, it is
clearly that the hexagonal lattice can be sub-divided into two “doublets” and two singlets,
which are connected to the neighboring doublet (g). Scale bars are 5 nm.
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Ring-like structure observed inside the RSV virion

Ebola virus matrix protein VP40 exhibits a multifunctional role by forming different
structures and they are essential for Ebola virus life cycle at different stages, as shown
by the Saphire group29. The remarkable plasticity of VP40, demonstrated by multiple
crystal structures, biochemistry, and cellular microscopy assays, form 3 different
oligomers (dimer, hexamer, and octamer) and functions differently at various life cycle
stages. First, VP40 forms a butterfly-shaped dimer that is critical for membrane
trafficking; second, VP40 form a hexameric structure essential for virus building and
releasing; third, VP40 rearranges to an octameric ring with specific RNA binding
properties that regulate transcription in infected cells29-32.

Another example of protein plasticity is the arenavirus Lassa virus (LASV) matrix protein
Z. LASV Z is multi-functional and has at least four distinct roles during virus life cycle33.
Since LASV Z protein is a matrix protein, it could bind to viral membrane, interacts with
viral surface glycoproteins and viral ribonucleoprotein complex, as well as interactions
with the host cellular factors. It also regulates viral translation and is involved in antiimmune response process33. The dodecameric structure formed by LASV Z is a
hexamer of dimers and provides the basic mechanism and understanding of the multifunctionality of LASV Z33.

Interestingly, RSV M is suggested to form oligomers and the higher order of the
oligomers are important for virus life cycle34-37. For example, McPhee et al. suggested
that RSV M can assemble into ring-like structures in vitro when incubated with lipids34.
The ring-like structures form along the assembled tube, suggesting the role of RSV M in
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shaping the viral particles into filamentous morphology when in vivo. The monomeric
structure of RSV M has an unusual patch of positively charged surface potential, which
provides a molecular basis for the interaction between RSV M and the negativelycharged membrane35. The dimeric structure of RSV M plays a key role in viral filament
formation, as indicated by the disruption of the dimeric interface results in the loss of
filament formation36. Furthermore, threonine 205 (Thr205) is identified as a key residue
in regulating RSV M oligomerization and has an association with viral filament formation,
as supported by results from mutagenesis and electron microscopy37. As with the matrix
protein in Ebola virus (VP40) and the LASV (Z), the higher-order of the oligomers are
ring-like structures, being either hexamer/octamer (Ebola VP40) or dodecamer (LASV
Z). Thus it is highly likely that RSV M oligomer is a ring-like structure, as demonstrated in
vitro34.

From the reconstructed tomograms, we have found that there are abundant ring-like
structures inside of the released RSV particles and at the sites of assembly (Figure 6.6
and Figure 6.7). However, since the structure was observed from virus-infected cells
instead of a simplified in vitro system, the contents that make up of the ring-like structure
is too complicated to be sure. Based on the discussions above, it is possible that the
ring-like structure is the oligomeric form of RSV M, where the M layer under the viral
membrane is actually a ring-like structured network which supports the filamentous
morphology of RSV viral particles. Nevertheless, further linear profile analysis indicates
that the rings might be at the M2-1 layer instead of the M layer under the viral membrane
(Figure 6.8).
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Another possibility is that the ring-like structure is a different structure than the M layer
under the viral membrane, and it is still made of RSV M. Similar to Ebola VP40 that it
can form dimer, hexamer, and octamer for different stages of virus life cycle29; RSV M
could form the oligomeric ring-like structures which is not lying at the typical M layer.
This is likely because there could be excessive RSV M packed into the viral particles
and somehow they could form the oligomeric ring-structure with an unknown function.
Since the ring-like structure is seen from the infected cells, it is also possible that it is
made of other viral proteins such as M2-1, or host cellular proteins, or a combination of
both.

Future directions can be focused on figuring out the chemical contents of the ring-like
structure and its biological functions. If the ring-like structure were made of RSV M, it will
be interesting to know the relationship between the ring-like structure and the surface
glycoprotein organization (“row-like” pattern and/or hexagonal lattice). Sub-tomogram
averaging of the ring-like structures could provide rich information regarding its more
refined dimensions, the symmetry, and the flexibility of the ring-like structure. In addition,
mutagenesis can be helpful in resolving the contents of the ring-like structures (Figure
6.9). For example, the Thr205 is important for RSV M oligomerization and the
substitutions of RSV M Thr205 could abolish the formation of ring-like structures.
Dimeric interface mutants as well as M2-1 mutants are helpful in resolving the true
organization of the ring-like structures observed in the released RSV virions and at the
sites of assembly.
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Figure 6.6 Ring-like structure revealed by cryo-ET. 2D projection of RSV-infected
cells (a) and its corresponding tomographic slice (b) demonstrate RSV filamentous
particles. Zoom-in regions to show the ring-like structures (c-d). Scale bars are 200 nm
(a-b) and 100 nm (c-d).
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Figure 6.7 RSV ring-like structure at the RSV assembly sites and in the released
viral filaments. Tomographic slices (a, top, 6.14 nm) and segmentation views (a,
bottom) from RSV-infected cells showing ring-like structures from RSV-infected HEL 299
cells, a human lung-derived fibroblast cell lines. (b-c) Examples of ring-like structures in
assembling viral filaments from RSV-infected MRC-5 fibroblast cells (b) and A549 cells
(c). For segmentation views, membrane is cyan, glycoproteins are yellow, RNP is red,
ring-like structures are blue, and actin filaments are green. Note actin filaments in
released virions in both a and c. Scale bars are 200 nm.
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Figure 6.8 The ring-like structure inside the RSV virion and its associated linear
profiles with corresponding tomographic slices. The tomographic slices (1.228 nm)
corresponds to different peaks of the linear density profile, and they are glycoproteins
(GP), viral membrane (VM), M, M2-1, and the RNP complex. The pixel size is 1.228 nm
from 10 kx data set (binning of 2, DE20). Scale bar is 100nm.
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Figure 6.9 Workflow of reverse genetics to generate RSV M mutants. This diagram
illustrates how to generate RSV M mutants step by step from A2-cDNA to engineered
RSV M mutants working stocking with sequence confirmation36-38.
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Role of host cellular factors during RSV assembly and budding

Current understanding of paramyxo- and pneumo-virus ultrastructure by cryo-ET is
limited to purified virions1,2,39,40. Although the general organization of different viral
proteins for these paramyxoviruses has been reported, more detailed structural analyses
are needed to understand how viral complexes are coordinated in a temporal and spatial
manner toward assembly into an infectious virion. Previous cryo-ET studies of purified
RSV particles show that the overall structure of RSV is pleomorphic, with the majority of
particles being spherical or irregular, while filamentous virions were reported as well1,2.
Our results demonstrate that RSV morphology is predominantly filamentous. However,
assembly and morphogenesis of RSV is poorly understood at the macromolecular level.
Several questions regarding RSV assembly can be worth pursuing in the future. Which
are the key viral components that are essential for RSV assembly and budding? How do
they coordinate with other viral components to form an infectious virion? Are there any
key factors from the host cell that are essential for virus assembly and budding? What
are the key roles and how do they affect virus morphogenesis and the assembly and
budding processes? Future directions can be focused on testing the hypothesis:
Transportation of viral components to assembly sites is a regulated viral and cellular
combined process. There are indispensable cellular factors involved in this process,
such as actin filaments and its associated proteins. Certain experiments can be carried
out to assess and determine the cellular factors that are involved in virus assembly and
budding and determine their impact in morphogenesis of RSV, and the interactions
between cellular factors and viral components, such as RNP and surface glycoproteins
cytoplasmic tail (CT) domains.
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A study on orthomyxovirus by Dr. Compans’s group (Emory University) demonstrated
that actin microfilaments play an indispensable role in determining filamentous
morphology of influenza virions41. Depolymerization of actin filaments by cytochalasin
D42 in polarized MDCK cells significantly reduces the production of filamentous influenza
particles41. Our preliminary results indicate that there might be a correlation between the
polymerization integrity of actin filaments and the production of RSV filaments (Figure
6.10). This result is consistent with a recent study on a closely related pneumovirus,
human metapneumovirus (HMPV), where the authors indicated that the actin dynamics
are critical for the formation of the infectious and filamentous HMPV viral particles43.
Structural studies of HIV-1 show that actin filaments are highly associated with the
budding sites as an example of the enveloped virus44. Another study by Dr. Santangelo’s
group (Georgia Institute of Technology) projected that RSV viral filaments are formed
before egression due to actin filaments and myosin-driven motion45. Studies have shown
that interactions between cellular actin filaments and RSV are essential for RSV
morphogenesis and budding46-49. Recent cryo-ET studies on RSV ultrastructure
confirmed that actin filaments could be packaged into purified virions1. Interestingly our
results are in agreement with this, showing the existence of actin filaments in the
budding virions in the cellular context (Figure 6.7). The Arp2/3 complex (Actin-related
proteins Arp2 and Arp3) is responsible for nucleating branched filament assembly and
forms a characteristic 70° angle between the mother and daughter filaments42,50.
Surprisingly, the filamentous viral RNPs study of RSV by molecular beacons found that
filamentous viral RNPs have an average angle of ~71.4° with the cell plasma membrane,
very similar to the characteristic angle between branched actin filaments45. More
surprisingly, we found that viral filaments form an angle close to 70° in the budding virus
from the membrane. Conversely, recent studies also show that assembly of RSV in
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filamentous shape is independent of host cytoskeleton and related proteins51. Based on
earlier studies, FCT is the initial driving force for filamentous virion assembly52; however,
F trafficking to the plasma membrane is independent of cytoskeleton activities and
complete disruption of actin or microtubule will not affect viral filaments formation51.
Future directions can be focused on exploring actin filaments’ function in RSV assembly
and budding processes in native state. We hypothesize that actin filaments play an
essential role during RSV assembly and release and myosin Va and Arp2/345 are
associated proteins. Certain experiments can be carried out to assess the roles of actin
filaments and associated proteins myosin Va and Arp2/3 during final steps of the RSV
life cycle using cryo-CLEM methods. In addition, further investigations can be performed
to determine viral components that interact with actin filaments and/or their associated
proteins. Structural findings gained from this study should provide a novel understanding
of interactions between host cellular factors and the viral components.

It is important to examine the actin filaments’ role in RSV assembly and budding in a
dynamic and high-resolution manner. Previous methods determining interactions
between actin filaments and RSV are either static or low resolution45-49. Combining
dynamics and high-resolution structure will allow us to gain a four-dimensional (4D) view
of viral dynamics interacting with host cellular factors. If actin filaments are involved and
essential for the RSV assembly and budding process, there must be interactions
between viral components and actin filaments as well as associated cellular proteins.
Previous studies have shown that actin associated protein Rab11-FIP2 and heat shock
protein 90 are important for RSV viral particle assembly and budding11,53. Studies also
show that myosin Va tethers vesicles to actin filaments54,55. Myosin Va has been proven
to co-localize with filamentous viral RNPs at RSV assembly sites and it is likely that
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“actin filaments and myosin-driven motion” provides the mechanical force promoting viral
particle release from the membrane45. Arp2/3 is responsible for actin filament branching
and it has a much higher affinity with the daughter (new, viral filament) strand than with
the mother (old, cell body) strand, resulting in viral particle release from the
membrane42,45. Future work can be focused on examining the high-resolution structure
of actin filaments in the cellular context especially at the budding sites interacting with
viral components. Based on previous studies, the viral RNP complex45 and FCT51,52 are
the potential viral components that could interact with actin filaments.

This study will aid in antiviral drug design and vaccine development against RSV by
targeting specific viral proteins and/or points of contacts between some viral and host
cellular complexes. In addition, all of these state-of-the-art techniques that will be
developed can be employed to study other important human pathogens, especially
medically important RNA viruses.
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Figure 6.10 Drug treatment of RSV infected and non-infected cells. (a-b) Noninfected HeLa cells showing the morphological differences in actin filaments when
treated without cytochalasin D (a) and with cytochalasin D (b). (c-d) RSV-infected HeLa
cells showing the morphological differences in actin filaments when treated without
cytochalasin D (c) and with cytochalasin D (d). Blue is nucleus, green is actin filaments,
and red is the RSV fusion glycoprotein. Scale bars are 20 μm as indicated. (e) Titration
comparision between cytochalasin treated and untreated RSV-infected HeLa cells.
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APPENDIX

This chapter is the appendix for the dissertation. It describes the basic protocols for the
wet lab and dry lab work that were used during my PhD training process. In addition, it
contains the movie legends of 17 supplementary movies. It covers the use of
instrumentation, the steps taken to process a sample for either biochemical assays or
cryo-EM/ET data collection scheme, and the scripts that were used to achieve the end
goals. The protocols described here can also be further referenced from the Nature
Protocols from our lab, where I am one of the co-first authors.

In the wet lab part, it has adopted protocols from many different laboratories that our lab
has collaborated with, including Santangelo lab (Georgia Institute of Technology), Moore
lab (Emory University), Anderson lab (Emory University), and so on. This part covers the
following topics, including the cell culture procedures from cell recovery, cell culture
maintenance, and freezing down the cells for storage; characterization of virus
propagation, virus infection, virus growth dynamics, transfection of virus and virus
recovery using reverse genetics, the biochemical assays such as western blot, sample
preparation for negative staining and cryo-EM/ET, affinity grid, fluorescent imaging and
protocols of sample preparation, and so on.

In the dry lab image processing part, most of the protocols supplemented below were
generated from our lab and a lot of them are a collective work from group members,
especially Joshua Strauss, Cheri Hampton, and Rebecca Dillard. It covers the following
topics, including the data collection using JEOL 2200FS, image processing using IMOD
and EMAN2 scripts, segmentation and movie making in Amira, the scripts of generating
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the binary mask using SPIDER software (Joshua Strauss), and the procedure of subtomogram averaging using PEET exampled by RSV F glycoproteins, and model fitting in
Chimera software.

Since the protocols are mostly for independent experiments, they are organized in a way
that is specific for a specific experiment. Sometimes, it is a continuous process, then one
needs to “begin with the end in mind” when designing an experiment while incorporating
and modifying different procedures so that it can achieve one common goal.
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Supplementary Movie legends

Movie 2.1 Cryo-ET of MeV-infected HeLa cells at the assembly site. A MeV
assembly site from the frozen-hydrated Edm MeV-infected HeLa cell demonstrates the
viral structural organization in the context of whole-cell tomography.
Movie 2.2 Cryo-ET of MeV-infected MRC-5 cells at the assembly site. A MeV
assembly site from the frozen-hydrated Edm MeV-infected MRC-5 cell demonstrates the
viral structural organization in the context of whole-cell tomography. Scale bar is 200 nm.
Movie 2.3 Cryo-ET of a released MeV particle from MeV-infected cells. A released
MeV particle from Edm MeV-infected HeLa cells demonstrates the viral structural
organization. Note the M lattice and RNP are in register inside the native MeV particle.
Movie 2.4 Cryo-ET of MeV-infected cells at the assembly site. A MeV assembly site
from the frozen-hydrated recMeV-(H-118∇41×) infected HeLa cell demonstrates the
viral structural organization in the context of whole-cell tomography. Note the F lattice on
the surface of the native MeV particle.
Movie 2.5 Subvolume average of recMeV-(H-118∇41×) F-M lattice. Tomographic
slices going from the bottom to the top (round trip) of the averaged recMeV-(H118∇41×) F-M overlaid lattice structure. Black is density in the tomographic slices. In
the segmentation view, blue is F and cyan is M. Scale bar is 10 nm.
Movie 2.6 Subvolume average of Edm F-M lattice. Tomographic slices going from the
bottom to the top of the averaged Edm F-M overlaid lattice structure. Black is density.
Scale bar is 10 nm.
Movie 2.7 Model of MeV structural proteins organization. Segmentation of the F-M
lattice in conjunction with the RNP complex demonstrating the 3 layers of structural
protein organization.
Movie 2.8 Clonemodel view of RNP classes within a tomogram. The subvolumes
extracted from the tomogram were placed back into the original volume. The color
scheme is the same as Figure 2.5. Scale bar is 100 nm.
Movie 2.9 RNP length quantification of a released MeV particle. Tomographic slices
going from the bottom to the top (round trip) of a released MeV particle from MeVinfected cells. The color scheme is the same as Figure 2.16. The blue lines are coated
RNP while the pink lines are uncoated RNP. Scale bar is 200 nm.
Movie 2.10 RNP length quantification of a released MeV particle. Tomographic
slices going from the bottom to the top (round trip) of a released MeV particle from MeVinfected cells. The color scheme is the same as Figure 2.16. The pink lines indicate the
presence of the uncoated RNP. Scale bar is 200 nm.
Movie 2.11 Tilt series of MeV. Releases MeV particles from MeV-infected HeLa cells
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collected using SerialEM software and images were aligned using IMOD software. Tilt
range is -62º to 62º at 2-degree step increment. Scale bar is 200 nm.
Movie 2.12 Reconstructed tomographic data from tilt series (MeV). The tilt series
from Movie 2.11 was further reconstructed using back-projection algorithm in IMOD
software package and the 3D tomographic data was generated. Movies showing
tomographic slices from top to bottom of the volume. Scale bar is 200 nm.

Movie 3.1 Tilt series of RSV. Releases RSV particles from RSV-infected A549 cells
collected using SerialEM software and images were aligned using IMOD software. Tilt
range is -62º to 62º at 2-degree step increment. Scale bar is 500 nm.
Movie 3.2 Reconstructed tomographic data from tilt series (RSV). The tilt series
from Movie 3.1 was further reconstructed using back-projection algorithm in IMOD
software package and the 3D tomographic data was generated. Movies showing
tomographic slices from top to bottom of the volume. Scale bar is 500 nm.
Movie 3.3 RSV assembly at the plasma membrane (A2-infected MRC-5 cells).
Volume rendering using Amira software to show different components of RSV-infected
MRC-5 cells at the assembly site. The color schemes are: membrane is cyan,
glycoproteins are yellow, the RNPs are red, the ring-like structures are blue, actin
filaments are green, microtubules are gold, and ribosomes are magenta.
Movie 3.4. Cryo-ET of RSV assembly (Early Assembly). Tomographic reconstruction
and its corresponding segmentation of a RSV assembly site captured by cryo-ET,
revealing the initiation, elongation, and scission stages. The color scheme is the same
as Figure 3.8, Green is (viral) membrane, red is glycoprotein, and magenta is the RNP
complex.

Movie 4.1 Cryo-ET of immunolabeled RSV F glycoproteins at the site of virus
assembly on a HeLa cell. This movie is of a z-slice progression through a tomographic
reconstruction and the segmentation of the site of RSV assembly on the surface of a
HeLa cell and corresponds to the data presented in Figure 5. The cell membrane is
presented in cyan. The filamentous actin network is noted in green. The matrix protein is
depicted in blue. The glycoprotein densities are highlighted in magenta. Red tubular
densities correspond to the RNP. Gold densities are the 6 nm gold particles conjugated
to the secondary antibody. Gold fiducial markers 20 nm in diameter were added to the
sample and used as image alignment aids during the 3D tomographic reconstruction
process.
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Tissue Culture Hood Protocol
Zunlong Ke
The tissue culture hood protects us, keeps our research results consistent and sample
un-contaminated. We need to work hard to make sure it performs the best!
General tips:
• Make sure the airflow is moving fluently
• Cut down number of items stored in the hood
• Slide yourself as close as possible to the hood (nose facing the sash)
Before you use the hood:
1. Turn on BLOW
2. Lower the sash
3. Disinfect the area inside the hood with 70% ethanol
4. Turn the UV light on, wait 15 mins (if the hood was used for virus or bacteria
work UV for 2-3 hours)
5. Switch UV light off, and FLASH on
6. Wait for 2 mins, let the airflow go through the hood
7. Disinfect items (tubes, dishes, ect.) with 70% ethanol before placing them inside
the hood
After you are done:
1. Disinfect items with ethanol before removing them from the hood
2. Dispose of waste properly:
a. Liquid bio-waste can be kept in the liquid bio-waste receptacle located
inside the hood. When the liquid bio-waste receptacle is ¾ full
disinfect with bleach and throw liquid down the sink, add ⅕ diluted
bleach before putting it back to the hood
b. Solid waste (petri dishes, pipettes, ect.) should be thrown into
biohazard bag under the hood (do not put glass in biohazard bag).
When the bag is ¾ full put the bag is a bio-waste box, seal it and
dispose of it
c. Glass waste should be disposed in glass disposal container (in the
wet lab area)
3. Re-fill the pipettes
4. Charge pipette-aid
5. Clean area inside the hood and disinfect area inside the hood with 70% ethanol
6. Lower the sash
7. Turn on the UV light, wait 15 mins.
8. Turn off BLOW and turn off the UV light (leave UV on overnight if you were
working with virus or bacteria)
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Mammalian Cell Culture
June 22, 2017
Zunlong Ke
Cell lines and medium to use:
Cell Lines
HeLa
Vero
MRC-5
A549
BEAS-2B
BSR T7/5
HeLa shRNA-LIMK
HeLa shRNA-ROCK1
HeLa shRNA-Scrambled

Medium
DMEM++

Extra Supplement
10% FBS; 1% PSA (antibiotics)
All medium has the basic medium
Plus these two supplements

RPMI-1640++
GMEM+++

NEAA; G418 (every other passage)

DMEM+++

1 ug/ml puromycin

Flask size and medium volume to use:
Flask Size
T25
T75
T175 (T182)
MatTek (6-well)

DPBS-5 ml
8 ml
12 ml
2 ml

Trypsin Medium to Stop
1 ml
4 (3-6) ml
2 ml
6 (4-8) ml
3 ml
8 (5-10) ml
0.5 ml
1.5 (1-2) ml
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Total Medium
6 ml
12 ml
25 ml
2 ml

Starting cells
Adapted from Eric Alonas, Santangelo Lab, Georgia Tech
Created On June 2, 2009 by Aaron Lifland
Last Edited On June 24, 2014 By Eric Alonas
Materials:
•

Cells frozen down or Cells from ATCC

Protocol:
1. If cells are from ATCC, cut off label so you can see cells. This will alow you to
see when cells are thawed
2. Shake cells back and forth in 37degC waterbath as to thaw them quickly
a. Do not warm them in your hand
3. When thawed, remove cells and place in a T75 with 15mL of media
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Splitting cells
Adapted from Eric Alonas, Santangelo Lab, Georgia Tech
Created On June 2, 2009 by Aaron Lifland
Last Edited On June 24, 2014 By Eric Alonas
Materials:
•

•
•

DMEM + 10% FBS + 100/100 Pen/Strep (DMEM ++)
o (DMEM is Lonza Cat. No. 12-604F VWR (order) Cat. No. 95042-498)
o (FBS is Hyclone Cat. No. ???)
o (Penstrep is Invitrogen (gibco) Cat. No. 15140)
PBS –Ca –Mg (Thermo Cat. No. SH30028.FS VWR Cat. No. 16750-076)
0.25% Trypsin EDTA (Invitrogen Cat. No. 25200)

Protocol:
1. Aspirate off old media using a Pasteur pipette and the vacuum line
2. Add 5 mL of PBS –Ca to the T25 flask (15 mL for a T75) to wash Ca++ and FBS
from the cells
3. Aspirate off PBS using a Pasteur pipette and the vacuum line
4. Add 1 mL of Trypsin to the flask (3 mL for a T75)
5. Place flask in the incubator for ~5 min
6. After cells are detached (tap flask to get the monolayer to separate from the
flask) add 3 mL of DMEM ++ (4.5 mL for a T75) and pipette cell suspension up
and down to dissociate clumps of cells.
7. Add 5 mL of DMEM ++ to a new T25 Flask (15 mL for a T75)
8. If splitting from a T25 to a new T25 take 0.5 mL of the cell suspension in the old
flask and place it in the new flask. Swirl to mix.
9. Mark new flask with
a. Cell Type
b. Passage No.
c. Date
d. Your initials
10. Place flask in the incubator
Notes:
Use only serologic pipettes.
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Freezing down cells
Adapted from Eric Alonas, Santangelo Lab, Georgia Tech
Created On 2008 by Phil Santangelo
Last Edited On June 24,2014 By Eric Alonas
Materials:
•
•
•
•
•
•
•

PBS (–Ca –Mg)
0.25% trypsin
DMEM + PenStep + 10% FBS
1.5 mL centrifuge tubes
Cryovials (VWR)
Nalgene 5100 Cryo 1ºC Freezing Container “Mr. Frosty” (Nunc Cat. No. 51000001)
Freezing Medium
1. DMEM, 10% v/v FBS, 10% v/v DMSO (Hybridoma or Cell culture grade)
2. or buy from Gibco/Invitrogen Cat. No. 12648-010

Protocol:
Get centrifuge set to 4ºC prior to starting protocol and get centrifuge tubes and cryovials
set up.
4. Aspirate off media from cells (typically in a T75 flask)
5. wash with PBS (-Ca -Mg)
6. add 3 mL 0.25% Trypsin, incubate for 5min at 37ºC
7. add 9mL DMEM+10%FBS
8. count cells
9. put 1x106 cells into each centrifuge tube (or half a million cells if not enough)
10. Spin Cells
a. 10min @3,000rpm (1000g) in 4ºC
11. aspirate off media
12. put in 1mL of freezing media (or 0.5mL if using half a million cells
13. flick vials to mix cells
14. transfer cells to cryovials
15. put cells in Mr. Frosty (don’t reuse isopropanol more than 5X)
16. let site overnight at -80ºC
17. put cells in liquid nitrogen biostorage, do not submerge in LN
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Plaque assay: RSV
Adapted from Eric Alonas, Santangelo Lab, Georgia Tech
Created on November 17, 2009 by Aaron Lifland
Last Edited On Monday May 29, 2013 by Eric Alonas
Materials:
•
•
•
•
•
•

DMEM (2X) (follow Cellgro protocol) 50-003-PB
FBS (Hyclone)
Avicel (RC-581), FMC Biopolymer [Call Nada, 888-315-9148, FMC, request for
500 grams, for free! ZK added on April 20, 2015]
Goat RSV pAb (Abcam ab20745)
Donkey anti-goat HRP conjugated (Jackson Immuno 805-035-180)
TrueBlue substrate (KPL 50-78-02)

Protocol:
Stock (2X) Avicel: Mix 2.4 g of Avicel with 100 mL H2O by stirring for 1 hr. Autoclave to
sterilize, store at RT. For overlay media, mix 1:1 with 2X DMEM, add FBS and PenStrep.
For 30mL overlay per plate, 13.5 mL of DMEM 2X and 13.5mL Avicel, 3mL FBS, and
333uL PenStrep.
For DMEM 2X add 7.4g/L for 2X solution (Cellgro protocol)
Plating cells and infecting with RSV
1. In a 24 well plate, plate Vero at 100% confluence,
a. If cells are not confluent 24 hrs after plating, wait until they are 100%
confluent.
2. When cells are confluent, make serial dilutions of RSV stock in DMEM without
serum (10-2 to 10-6) ~1000uL per dilution.
3. Wash with DPBS (-Ca -Mg) and Inoculate cells with 200uL / well of virus dilutions
in quadruplicate. Leave 1 column of uninfected control cells.
4. Rock plate for 10 min at RT.
5. Incubate at 37ºC for 50 min in CO2 Incubator.
6. Without removing inoculums, overlay cells with 1ml overlay media per well.
7. Incubate cells for 6 days at 37ºC in CO2 incubator.
Staining
1. Remove overlay media and wash cells once in DPBS WITH Ca and Mg.
2. Fix 250uL 4% PFA for 10 min at RT.
3. Wash with 1X NF (nuclease free) PBS
4. Block with 250uL/well 5% BSA for 30 min at 37ºC
5. Wash with PBS
6. Add 250uL goat anti RSV primary antibody (1:1000 dilution), incubate at 37ºC, 30
min
7. Wash with PBS
8. Add secondary anti goat HRP antibody (1:500 dilution), incubate at 37ºC, 30 min
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9. Wash in PBS
10. Add TrueBlue substrate 250uL/well and incubate for 10 min or longer (in dark)
11. Wash with water
TITER = (avg. # plaques/volume of inoculant in mL, 0.2 mL)/dilution factor
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Infecting a T75 and virus harvest
Adapted from Eric Alonas, Santangelo Lab, Georgia Tech
Materials:
T75 of low passage HEp-2 cells at >80% confluence
DPBS –Ca –Mg
DMEM +10% FBS +Pen/Strep
Serum free media
RSV A2 stock
Cell scrapers
Cryovials
Protocol (can scale up or down):
1. Calculate MOI (or if you don’t know how many cells in flask, count them and use
that number instead of doing equation 1)
# cells at 100% confluence* % confluence = # of cells
# of cells * desired MOI (typically 0.005 for growing virus) = # of virus
# of virus / titer = volume of virus (in mL) needed per flask
2.
3.
4.
5.

Thaw RSV A2 stock in 37C water bath
Mix by inversion 10X
Mix by pipetting 10X
Add required volume of virus to 3mL serum free media/complete media (doesn’t
really matter for RSV)
6. Mix by inversion 10X
7. Wash cells with 15mL DPBS –Ca –Mg
8. Add inoculum to flask
9. Incubate for 1 hr at 37C
10. Add 12mL complete media to flask
11. Add 5mL complete media per day for ~4 days
12. Set up cryovials in tube rack with lids off
13. Scrape flask
14. Using media already in flask, wash cell surface 10X with serologic pipette
15. Transfer all media to 50mL falcon tube
16. Pulse vortex 5X (very brief - stop each pulse when cyclone reaches the bottom of
the tube)
17. Using 1mL pipettor, aliquot virus into cryovials
a. Take each aliquot from near the bottom of 50mL tube
b. Every 8 vials, mix 50mL tube by inversion 2-3X
18. Transfer cryovials to -80C
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Culturing cells for thin-section TEM
August 9, 2016
Zunlong Ke
You will need:
1. BEAS-2B cells, I usually use them below passage #20, ideally below passage
#15. Recovering a new cell tube would be ideal, but that depends on the
schedule of your experiment. That way, cell morphology is nice when viewing
under TEM.
2. A2 virus, I use MOI = 10 for infection, 24 hours postinfection, so my stock is
usually at a reasonably high titer, say 5*106 PFU/ml or higher (1*107 PFU/ml).
That way, you don’t need to spend tubes of viruses for one experiment.
3. RPMI-1640 medium, with 10% FBS, 1% Antibiotics.
4. 24-well plate, aclar discs, and “hole-cutting puncture” to cut the aclar discs to the
size just smaller than the well in 24-well plate (do it in the hood is preferred). Eric
used that before, so I believe you guys have this. If not, you can use ours.
5. 70% ethanol, filtered using 0.22 um filter.
6. Molecular grade water.
Here is how you do it (everything done in the hood)
1. Getting the 24-well plate and aclar discs ready:
a. Put 1 ml of 70% ethanol into each well (I usually do duplicates or
triplicates per condition, but they usually just cut one replicate). Have one
or two extra wells (2 ml) for rinsing the aclar discs in step 1b.
b. Cut the aclar dics, rinse them in the “rinsing well”, and put the discs in,
one per well.
c. Leave the aclar discs in the ethanol for 5 mins.
d. Aspirate the ethanol and add 2 ml of molecular grade water to wash,
repeat 3 times.
e. After the 3rd wash of water, add 1 ml of medium (RPMI-1640 with FBS,
Antibiotics in there) and place the plate in the incubator (usually
overnight).
2. Seeding cells for infection:
a. I usually seed 1.5*105 cells per well in a 24-well plate for this purpose.
Essentially, you want cell density to be about 50-70% when infection is
done, i.e., the final density to be ~60%. For this purpose, the cell density
could be about triple density as the cryo, that way, you will have a high
chance of finding cells, thus viruses; but not too high so that you won’t
have free space for released viruses.
b. Prepare one or two more wells for cell counting when infection.
3. Infection:
a. I use MOI of 10, 24 hours postinfection. I count cells using the spare
wells, and then infect with 0.5 ml fresh medium (without FBS/Antibiotics);
rocking at RT for an hour, then add 0.5 ml complete medium (with
FBS/Antibiotics) and incubate.
4. Fixation and post-processing:
a. When it’s ready, you deliver you gold probes I guess. Then, you fix them
using the fixative. For this part, you need to talk to Hong (EM core) about
your purpose, and she can give you the best suggestions. Sometimes, we
use 4% Paraformaldehyde (PFA); other times, we use 2.5%
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Glutaraldehyde. Hong has them all, and you can get them from Hong as
well.
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Immunogold Labeling Protocol
March 17, 2016
Zunlong Ke
1. Grow O/N
2. Add 10 uL of culture to 30s glow discharged carbon coated 400 mesh nickel grid
for 10-15 minutes
3. Wash 3x for 30s with distilled water
4. Incubate with blocking buffer (5% normal goat serum in PBS) for 30 min
5. Wash 2x for 5 min with PBS
6. Incubate with primary antibody solution for 2 hours
7. Wash 6x for 5 min in rinsing buffer
8. Incubate with secondary antibody for 1 hour
9. Wash 3x for 5 min in rinsing buffer
10. Stain for 1 min with PTA and dry
O/N à add to grid à wash 3x à incubate with blocking buffer à wash 2x à incubate
with primary antibody à wash 6x à incubate with secondary antibody à wash 3x à
stain and dry
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RSV Immunogold Labeling Experiment Protocol
October 1, 2015
Zunlong Ke
Experiment Date: September 29, 2015 to October 1, 2015
Experiment Persons: Zunlong Ke, Hong Yi, and Jeannette Taylor
Cell line and medium:
BEAS-2B cells, RPMI-1640 medium supplemented with 10% FBS (Fetal Bovine Serum),
1% PSA (Penicillin, Steptomycin, and Amphotericin B) antibiotics.
Virus Strains:
OE4, A2-mK+, A2
OE4, the r-RSV, dNS1NS2-DeltaSH-dG-line19F(I557V)-A2-mK+, 1.02 × 107 FFU/ml
A2-mK+, A2 strain background, with an inserted fluorescent tag mKate gene, 6.43 × 106
FFU/ml
A2, lab adapted A2 strain, 8.42 × 106 PFU/ml
MOI = 10, 24 hours post infection
Primary Antibodies:
Motavizumab: Anti-F, 1 mg/ml, stock (Graham, NIH)
MPE8: Anti-prefusion F, 1mg/ml, stock (Chris/Moore)
131-2A: Anti-postfusion F, 1mg/ml, stock (Graham, NIH)
131-2G: Anti-G, 1 mg/ml, stock (Chris/Moore, Millipore)
Final concentration for primary antibodies is 5 μg/ml (i.e., add 2 μl primary antibody
stock into 400 μl medium covered in virus-infected cells)
Secondary Antibodies:
Goat-anti-human with 6 nm gold conjugated, for Motavizumab and MPE8
Goat-anti-mouse with 6 nm gold conjugated, for 131-2A and 131-2G
Final concentration for secondary antibodies is 1:20 (i.e., add 20 μl of secondary
antibody into 400 μl medium after washing 3-4 times with RPMI-1640++ medium)
Experiment Setup:
A2_Motavizumab
OE4_Motavizumab
A2-mK+_Motavizumab
A2_MPE8
OE4_MPE8
A2-mK+_MPE8
A2_131-2A
OE4_131-2A
A2-mK+_131-2A
A2_131-2G
OE4_131-2G
A2-mK+_131-2G
1. Duplication of this plate (24-well plate)
2. OE4_Human: no primary antibody added, secondary is anti-human antibody
3. OE4_Mouse: no primary antibody added, secondary is anti-mouse antibody

OE4_Human
OE4_Mouse
Mock-infected

Experiment Procedure:
1. Seed BEAS-2B cells in the 24-well plates covered with Aclar discs (12.7 mm in
diameter).
2. After incubating in the humidified incubator overnight (cell density is about 50%60% confluent), count cells (105 cells per well).
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3. Infect cells with indicated virus strains at an MOI of 10, slowly rock for an hour at
room temperature, and add up to 1 ml medium per well, and incubate for 24
hours.
4. After 24 hours infection, start immunogold labeling procedure (prior to that,
fluorescent level for OE4 virus and A2-mK+ virus was decent, 40% and more).
5. Aspirate medium, add 400 μl of warmed fresh RPMI-1640++, and then add 2 μl
of primary antibody into indicated wells to the final concentration of 5 μg/ml.
6. Incubate for 1.5 hours, and during which, slowly shake in the incubator (speed
10, angle 3, Anderson lab rocker).
7. Wash 4 times with warmed fresh RPMI-1640++ to wash away non-bound primary
antibody.
8. Add 20 μl of secondary antibody into indicated wells with 400 μl of medium; final
concentration is 1:20.
9. Incubate for 1.5 hours, and during which, slowly shake in the incubator (speed
10, angle 3, Anderson lab rocker).
10. Wash 4 times with warmed fresh RPMI-1640++ to wash away non-bound
secondary antibody.
11. Quick wash once using 2.5% Glutaraldehyde, then fix using the same fixative,
leave at 4°C overnight.
12. The next day, start post-processing as follows:
a. Wash with 0.1 M PB (pH 7.4) twice, rocking at room temperature for mins
each time.
b. Post-fixation: Add 500 μl 1% OsO4 in 0.1 M PB (1 part 4% OsO4, 1 part
DD H2O, and 2 parts 0.2 M PB) to each well in the 24-well plate, let sit for
an hour at room temperature.
c. Wash with DD H2O twice, rocking at room temperature for 5 mins each
time.
d. Dehydration with increasing percentage of ethanol of 25%, 50%, 75%,
and 95%, 5 mins for each step.
e. Dehydration with 100% ethanol, three times, and 5 mins for each step.
f. Resin infiltration: 100% ethanol and Eponate 12 resin mixed at 1:1, 1
hour; followed with pure resin incubation overnight.
g. Thin sectioning: sections are cut with between 60-80 nm in thickness.
13. Image on Transmission Electron Microscope at 120 KeV. Polygon montages
were semi-automatically collected using SerialEM package at 8,000 × nominal
magnification (this magnification is set thus that both gold particles and RSV viral
particles can be clearly identified) with Gatan 2k × 2k CCD camera. Images were
extracted and sloppy blended using sloppyblend.com script.
14. Categorize viral particles labeling levels from polygon montages as 0 being
absence of immunogold on viral particles, and 4 being the highest density of
immunogold binding to the viral particles. Intermediate states are 1, 2, and 3; with
bigger number indicates higher immunogold density on the viral particles.
Supplemental methods and analysis:
Relative labeling level index criteria:
Representative images are selected on both cross section and longitudinal
section, with images showing the whole (for cross section) or majority
(longitudinal) parts of the viral particles. Instead of using gold counts as an
indication of gold on viral particles, we used gold density due to the pleomorphic
nature of RSV. We used relative labeling level as an indicator of gold density,
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i.e., gold density per unit length of membrane trace. We arbitrary divided the
relative labeling levels into 5 groups: with 0 being absence of gold binding to viral
particles, and 4 being highest density of gold binding to viral particle surface.
Throughout all the data sets, the same criteria were utilized to quantify relative
labeling level:
Level 0: No gold
Level 1: Presence of gold, very sparse distributed
Level 2: Gold sparsely localized along the membrane, but not continuously
Level 3: Gold continuously localized along the membrane, but not densely
packed
Level 4: Gold continuously localized along the membrane, and densely packed,
crowded
Relative Labeling Level
0
1
2
3
4
Cross section density (per circumference
0
2
4
11
25
membrane)
Longitudinal section density (per 1 μm
0
4
13
27
54
membrane trace)
Gold particles per 1 μm membrane trace
0
4
11
26
55
Due to the pleomorphic nature of RSV and a large amount of viral particles to examine
and quantify, plus the thin section angles varies for each individual viral particle thus
affecting gold density visualized on that section, stereology is less likely, if not
impossible, to work well in quantifying RSV surface glycoprotein density. Stereology is
an estimation method for extracting higher-dimensional information based on lowerdimensional data. In this case, stereology can extract gold density on membrane surface
(two-dimensional) based on gold density along the membrane in cross sections (onedimensional).
Thin sections are 60-80 nm in thickness, and the angle of the knife is not always in
parallel with the viral membrane, the gold density varies in different views. Due to cell to
cell variation in viral particle production, we did not choose systematic uniform random
sampling method (more widely used in cell biology, Lucocq, 2008, 2012): later sampling
selection is based on previous sampling orientations and positions. In order to get all
different views of RSV particles present on thin sections, instead we used selected
random sampling method, i.e., we scanned the whole grid and collected montages
(instead of individual microscopic fields) wherever viral particles were present.
Labeling is counted only if the visualizing marker (6 nm colloidal gold) is within ~30 nm
from the membrane (surface glycoprotein spikes are roughly ~12 to 18 nm in length, 12
nm (twice the size of the immunogold) is the maximum localizing distance from the
antigen, Griffiths et al. 1993, 2014). Gold particles used in immuno-EM are easy to
visualize and quantify, making it an advantage over immuno-fluorescent microscopy.
Since longitudinal sections have more circumference of the membrane, it’s a better
indicative for quantifying gold density using stereology compared to cross sections.
Based on the relative labeling level of all data sets, and morphology of viral particles of
A2-mK+ (based on RSV A2 strain, lab adapted) and OE4 (Ke and Wright, unpublished
data), the estimated density of surface glycoproteins for each type are:
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Gold intensity
Motavizumab, F
MPE8, preF
131-2A, postF
131-2G, G
OE4
2.82 (22)
2.76 (21)
0.27 (1)
2.63 (18)
A2-mK+
1.85 (10)
2.43 (17)
0.25 (1)
3.06 (28)
Note: numbers are relative labeling level (gold particles per 1 μm membrane
length, deduced from the figure below “Relative Labeling Level vs. Gold density
per unit membrane length”)
Gold intensity is the number of gold per 1 μm membrane trace, and that equivalent area
is (stereology):
S1 μm = 1 μm × 30 nm = 0.03 μm2
Calculate absolute gold particles (absolute quantification):
Relative quantification vs. absolute quantification (Griffiths and Hoppeler, 1986, JHC):
After assessing relative quantification of surface glycoproteins on RSV viral particles,
absolute quantification can be estimated based on gold density and absolute surface
area.
Filament Length (L,
Filament Diameter (D,
Particle
μm)
nm)
Number
OE4
1.78 ± 1.10
130 ± 27
137
+
A2-mK
1.76 ± 1.09
151 ± 30
284
Surface area S = π × L × D
Our unpublished data by cryo-EM analysis (Ke and Wright) suggested filamentous is the
dominant RSV morphology:
SOE4 = 3.14 × 1.78 μm × 0.13 μm = 0.727 μm2 = 24.2 S1 μm
SA2-mK+ = 3.14 × 1.76 μm × 0.15 μm = 0.829 μm2 = 27.6 S1 μm
Absolute Gold particles density per 1 μm membrane length on OE4 and A2-mK+:
Absolute gold #
Motavizumab, F
MPE8, preF
131-2A, postF
131-2G, G
OE4
2.82 (22)
2.76 (21)
0.27 (1)
2.63 (18)
+
A2-mK
1.85 (10)
2.43 (17)
0.25 (1)
3.06 (28)
Morphology data
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Gold Particle number per unit membrane length

Relative Labeling Level vs. Gold density per unit
membrane length
60
55

4, 55

50
45
40
35
30
3, 26

25
20
15
2, 11

10
5
0

0, 0

1, 4

0 0.250.50.75 1 1.251.51.75 2 2.252.52.75 3 3.253.53.75 4 4.254.5
Relative Labeling Level

Relative labeling level and gold particles per 1 μm membrane length:
L0 (0), L1 (4), L2 (11), L3 (26), and L4 (55)
Calculate absolute gold particles (absolute quantification):
Relative quantification vs. absolute quantification (Griffiths and Hoppeler, 1986, JHC):
After assessing relative quantification of surface glycoproteins on RSV viral particles,
absolute quantification can be estimated based on gold density and absolute surface
area.
Morphology data
OE4
A2-mK+

Filament Length (L,
μm)
1.78 ± 1.10
1.76 ± 1.09

Filament Diameter (D,
nm)
130 ± 27
151 ± 30

Particle
Number
137
284

Surface area S = π × L × D
Our unpublished data by cryo-EM analysis (Ke and Wright) suggested filamentous is the
dominant RSV morphology:
SOE4 = 3.14 × 1.78 μm × 0.13 μm = 0.727 μm2
SA2-mK+ = 3.14 × 1.76 μm × 0.15 μm = 0.829 μm2
Absolute Gold particles on OE4 and A2-mK+:
Absolute gold # per
RSV
OE4
A2-mK+

Motavizumab, F

MPE8, preF

532
276

508
469
331

131-2A,
postF
24
28

131-2G, G
436
773

Average Relative Labeling Level (gold density per 1 μm membrane length)
Gold intensity

Motavizumab,
F

MPE8,
preF

131-2A,
postF

131-2G, G

OE4

2.82 (22)

2.76 (21)

0.27 (1)

2.63 (18)

1.85 (10)

2.43 (17)

0.25 (1)

3.06 (28)

Absolute gold #
per 1μm

Motavizumab,
F

MPE8,
preF

131-2A,
postF

131-2G, G

OE4

22

21

1

18

Surface
Area *
S1μm
24.2

10

17

1

28

27.6

Absolute gold #
per RSV

Motavizumab,
F

MPE8,
preF

131-2A,
postF

131-2G, G

OE4

532

508

24

436

276

469

28

773

A2-mK

A2-mK

A2-mK

+

+

+

Absolute gold #
per μm2
OE4
A2-mK+

Motavizumab, F

MPE8, preF

733
333

700
567

131-2A,
postF
33
33

131-2G, G
600
933

Prefusion F ratio of OE4 to A2-mK+:
Using absolute gold # per μm2: 700/567 = 1.24
Using absolute gold # per μm2: 508/469 = 1.08

per μm2

PreF of OE4/
PreF of A2mK+

1.24

G of OE4/ G
of A2-mK+

0.64

PostF of
OE4/ PostF
of A2-mK+

per RSV

PreF of
OE4/
PreF of
A2-mK+
G of
OE4/ G
of A2mK+
PostF of
OE4/
PostF of
A2-mK+

1.00
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1.08

0.56

0.88

Chi-Square Calculator
http://www.socscistatistics.com/tests/chisquare2/default2.aspx
Success! The contingency table below provides the following information: the observed
cell totals, (the expected cell totals) and [the chi-square statistic for each cell].
The chi-square statistic, p-value and statement of significance appear beneath the table.
Blue means you're dealing with dependent variables; red, independent.
Motavizumab

OE4

Level 3

42 (19.79) [2
4.94]
3 (25.21) [19.
57]

33 (23.74) [ 36 (56.28) [ 11 (19.79) [ 2 (4.40) [1
124
3.61]
7.31]
3.90]
.31]
21 (30.26) [ 92 (71.72) [ 34 (25.21) [ 8 (5.60) [1
158
2.83]
5.74]
3.06]
.03]

A2mK+
Colu
mn
45
Total
s

54

Level 2

128

Level 1

45

Level 0

Row
Totals

Level 4

10

282 (Gra
nd Total)

The chi-square statistic is 73.2883. The p-value is < 0.00001. The result is significant
at p < .05.
MPE8
Level 4
OE4

Level 3

Level 2

Level 1

Level 0

Row
Totals

92 (70.82) [6 40 (46.80) [ 44 (64.05) [6 25 (21.55) [ 17 (14.78) [
218
.33]
0.99]
.27]
0.55]
0.33]
23 (44.18) [1 36 (29.20) [ 60 (39.95) [1 10 (13.45) [ 7 (9.22) [0.5
136
0.15]
1.58]
0.06]
0.88]
3]

A2mK+
Colu
mn
115
Total
s

76

104

35

354 (Gr
and
Total)

24

The chi-square statistic is 37.6956. The p-value is < 0.00001. The result is significant
at p < .05.
131-2G
Level 4
OE4

Level 3

Level 2

Level 1

Level 0

Row
Totals

107 (147.33) [ 117 (104.40) 116 (100.16) 60 (50.35) [ 7 (4.77) [
407
11.04]
[1.52]
[2.50]
1.85]
1.04]
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A2- 171 (130.67) [ 80 (92.60) [1. 73 (88.84) [2. 35 (44.65) [ 2 (4.23) [
361
mK+ 12.44]
71]
82]
2.09]
1.18]
Colu
768 (Gr
mn
278
197
189
95
9
and
Total
Total)
s
The chi-square statistic is 38.2047. The p-value is < 0.00001. The result is significant
at p < .05.
131-2A
Level 2
Level 1
Level 0
OE4
2 (2.32) [0.04] 44 (41.39) [0.16] 130 (132.29) [0.04]
A2-mK+ 4 (3.68) [0.03] 63 (65.61) [0.10] 212 (209.71) [0.03]
Column
6
107
342
Totals

334

Row Totals
176
279
455 (Grand
Total)

The chi-square statistic is 0.4056. The p-value is .816434. The result is not significant
at p < .05.
Antib
ody
and
Targe
t
Protei
n
Motav
izuma
b/
PreF
+
PostF

MPE8
/PreF

1312A/Po
stF

1312G/G

Vir
us
Str
ain
s

Level 4

Level 3

Level 2

Level 1

Level 0

Tot
al
Par
ticl
es

OE
4

42 (19.7
9) [24.9
4]

33 (23.
74) [3.6
1]

36 (56.
28) [7.3
1]

11 (19.
79) [3.9
0]

2 (4.40)
[1.31]

12
4

A2
m
K+

3 (25.21
) [19.57]

21 (30.
26) [2.8
3]

92 (71.
72) [5.7
4]

34 (25.
21) [3.0
6]

8 (5.60)
[1.03]

15
8

OE
4

92 (70.8
2) [6.33]

40 (46.
80) [0.9
9]

44 (64.
05) [6.2
7]

25 (21.
55) [0.5
5]

17 (14.
78) [0.3
3]

21
8

A2
m
K+

23 (44.1
8) [10.1
5]

36 (29.
20) [1.5
8]

60 (39.
95) [10.
06]

10 (13.
45) [0.8
8]

7 (9.22)
[0.53]

13
6

OE
4

0.00

0.00

2 (2.32)
[0.04]

44 (41.
39) [0.1
6]

130 (13
2.29) [0
.04]

17
6

212 (20
9.71) [0
.03]

27
9

A2
m
K+

0.00

0.00

4 (3.68)
[0.03]

63 (65.
61) [0.1
0]

OE
4

107 (14
7.33) [1
1.04]

117 (10
4.40) [1
.52]

116 (10
0.16) [2
.50]

60 (50.
35) [1.8
5]

7 (4.77)
[1.04]

40
7

A2
m
K+

171 (13
0.67) [1
2.44]

80 (92.
60) [1.7
1]

73 (88.
84) [2.8
2]

35 (44.
65) [2.0
9]

2 (4.23)
[1.18]

36
1

χ2

pvalu
e

73.
28
8
(df
=
4)

p<
0.00
01

37.
69
6
(df
=
4)

p<
0.00
01

0.4
06
(df
=
2)

0.81
60

38.
20
5
(df
=
4)

p<
0.00
01

Null hypothesis: OE4 and A2-mK+ have the same relative labeling level.
Contingency table, with columns being relative labeling level and rows being two virus
strains. The contingency will generate expected relative labeling level for each virus
strain and these expected values are compared to the observed numbers using Chi
square analysis.
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Affinity Grid Protocol
Created by Zunlong Ke, March 2, 2014
Tips: using everything with glass pipette when handling lipids (Ni-NTA), chloroform, and
ethyl acetate
1. Prepare the plastic-free Quantifoil TEM grids: (For Cryo-TEM grids, and plan it at
least 3 days ahead)
Treat the grids with Ethyl Acetate overnight, 3 times
1. Make 3 layers of Whatman #1 filter paper, cut it to fit into a glass Petri dish
2. Add Quantifoil grids (plan extra grids always) onto the filter paper (Carbon side
up; R1.2/1.3, 100 holey carbon films, Cu, 200 Mesh)
o Do steps 3 to 6 in the hood:
3. Use glass pipette, slowly add Ethyl Acetate (away from the grids area) onto the
glass Petri dish, until the filter paper get soaked
4. Cover the glass Petri dish
5. Put the Ethyl Acetate bottle on top of the glass Petri dish, and sit over night
6. Repeat steps 3-5 three times, put the plastic-free TEM grids to grid box, store it
in the vacuum desiccator
2. Make Ni-NTA and DOPC stock solutions (stable for about 2 months?):
Wash glass tubes with Chloroform before making stock solutions
• Ni-NTA: Weight 5 mg of Ni-NTA (salt, powder); dissolve it in 5 ml chloroform (1
mg/ml), and store them in a volumetric glass flask (5 ml, chemistry stock room) in
the freezer
• DOPC: 25 mg/ml, from the original stock we bought (Avanti)
3. Set up the small glass tubes for dilutions:
• 2 for Chloroform (wash and dilution); 1 for Ni-NTA stock solution; 1 for DOPC
stock solution
• 3 for 3 different dilutions of Ni-NTA lipids
• Do serial dilution, use Hamilton syringes (10 µl, one for Ni-NTA, one for Lipids;
clean Hamilton syringes before/after use with Chloroform) to make 2%, 20%, and
50% Ni-NTA final concentration:
Ni-NTA
(1 mg/ml)
2%, 0.8 µl
20%, 8 µl
50%, 20 µl

DOPC
(25 mg/ml)
29.2 µl, 73%
22 µl, 55%
10 µl, 25%

Chloroform

Total

10 µl, 25%
10 µl, 25%
10 µl, 25%

40 µl
40 µl
40 µl

4. Set up a new Petri dish for holding the monolayer:
1. Cut Whatman #1 filter paper and fit it into a glass Petri dish (1 layer)
2. Moist the filter paper using MilliQ water (make sure the bubbles out)
3. Cut parafilm and fit it onto the filter paper in the glass Petri dish
4. Divide the parafilm with marker into 3 divisions; label it (2%, 20%, 50%, density
of Ni-NTA)
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5. Add 15 µl of MilliQ water on top of the parafilm sequentially (each division can
have about 5-10 drops)
6. Apply 1 µl of Ni-NTA (2%, 20%, 50%) onto water (will see surface flatten)
7. Cover the Petri dish, seal it with parafilm
8. Leave it on ice for 1 hour (minimum), and keep the bench stable!
5. Affinity Grid set up:
1. After at least one-hour lipid incubation on ice, the lipid monolayer should form
2. Put the regular carbon-coated copper grid (400 mesh, Non-glow discharged),
carbon side down to the lipid monolayer
3. Let the grid settle down for 1 min
4. Carefully lift the grid from the monolayer using capillary tweezers
5. Transfer the grid to an anti-capillary tweezers (for negative stain use)
6. Use pipette to remove extra liquid (water)
7. Add 4 µl of His-tagged protein A (10ug/ml) onto the lipid monolayer; incubate
for 1 min
8. Blot the excess lipid monolayer
9. Add 4 µl of Primary Antibody (for RSV, Palivizumab, 20ug/ml); incubate for 1
min
10. Blot the excess solution
Now the grid is an affinity TEM grid, ready to go for negative stain purpose
6. Negative Stain:
1. Add 4 µl of RSV purified virus; incubate for 1 min
2. Blot the excess solution
3. Wash/blot with Buffer (HBSS) 4 times
4. Add 4 µl of stain (2% SPT, pH 6.6); blot it 30s later
5. Let the grid air dry and put it back to the desiccator
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Preparing TEM Grids for Cryo-EM/ET
Created by Zunlong Ke, May 19, 2016
Materials
Carbon coated Gold grids, 200 Mesh, continuous carbon
Quantifoil R2/1, R2/2, LF R2/2 Gold grids
MatTek Dish, 35 mm (diameter), 20 mm (glass), 0.16-0.19 mm (thickness)
70% ETOH, filter (0.22 um)
MilliQ H2O, filter (0.22 um)
Procedure
Note: Check TEM grids and make sure carbon is intact; filter reagents with 0.22 um filter
•
•
•
•
•
•
•
•
•
•
•
•
•

Coated TEM grids w/ ~2-3 nm carbon using Denton Evaporator
Store grids in desiccator under house vacuum
Glow discharge grids with plasma cleaner (15 mins to pump; glow discharge for
30 seconds on HI)
Take out all reagents to warm up @RT
Put MatTek dish in big Petri Dish (Two MatTek dish per Big Petri Dish)
Add 2 ml of 70% ETOH to each MatTek dish
Transfer each grid into a single MatTek dish (Slide grid in ETOH with an angle,
carbon side up)
Sterilize grids for ~ 5 mins
During the 5mins, check the grid condition at light microscopy
Aspirate 70% ETOH, Rinse grids 3X with 2 ml filtered MilliQ H2O
o Don’t aspirate completely, away from grids
Add 2 ml media and leave them in the incubator before seeding cells
Seed grids (the whole MatTek dish) with ~130,000 HeLa cells in 2 ml cell
suspension
Allow cells to grow for at ~18 hrs before infection/fixation
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Transfection BSR-T7/5 cells with RSV BAC Plasmids
Date: July 17, 2017
BAC plasmid: A2-delSH-Gnull

Experiment: Zunlong Ke

BSR-T7/5 cells, which were sub-cultured onto 6-well plate by Zunlong yesterday.
The cells will be used for this transfection.
The following mixtures of reagents are prepared:
Plasmids

Conc. (ng/ul)

Mass (ug)

Vol x 1 (ul)

Vol x 5 (ul)

A2-delSH-Gnull

561

0.8

1.43

7.13

N

767

0.4

0.52

2.61

P

605

0.4

0.66

3.31

M2-1

713

0.4

0.56

2.81

L

673

0.2

0.30

1.49

6.6

33

489.93

2449.67

500

2500

Lipofectamine
Opti-MEM
Total

For the Transfection, first, the Lipofectamine 2000 was added to the Opti-MEM
and allowed to incubate for 5 mins at Room Temperature (RT).
Then, the DNA was added to the Lipofectamine mixture and allowed to incubate at
RT for 20 mins.
The media was aspirate off the wells. Wells were washed with 1 mL of Opti-MEM,
2x
Add 500 ul transfection complex per well, incubate 2 hours, RT, on ROCK
Add 500 ul Opti-MEM per well, place plate in 32C virus incubator overnight
The following morning, aspirate the transfection complex from the wells, wash 1x
with sterile PBS
Then, replace with 2 mL of 3% GMEM. Continue incubating in 32C in the virus
incubator.
Day 2 post transfection, pass cells into T25 flasks (pass 1:3 unless cells look
terrible
Then just transfer all into the flasks).
Cells should remain in 3% GMEM throughout the rest of recovery.
Monitor flasks for CPE and pass 1:3 into new T25 flasks as needed (every other
day is usual).
CPE shows first as mini-syncytial and then grows into "buckyballs" (Marty's
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description).
When CPE is evident throughout flask, scrape in media and aliquot into cryovials.
Freeze in -80C to use for plaque purification or master stock generation.
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Western Blot
Adapted from Christopher Stobart, Moore Lab, Emory University
Western Blot for NS1, NS2, N, G, and F Expression of OE Mutants
05/12/14
Viruses, Titers, Preparation of Reagents and Samples
Viruses
The viruses to be used for the experiment were calculated for normalization to virus
titers. 1.10 x 104 FFU was used for calculation since it yielded at least 1:1 with RIPA
buffer in a total volume of 15 μL (see below).
Virus
A2 WT
OE1
OE2
OE3
OE4
G Stop

Titer
6.70E+06
2.28E+06
2.37E+06
2.40E+06
3.00E+06
1.45E+06

Total Volume
15
15
15
15
15
15

Supernatant (uL)
1.642
4.825
4.641
4.583
3.667
7.586

RIPA
Buffer
13.358
10.175
10.359
10.417
11.333
7.414

Reagents
Note: Many of the reagents listed have been pre-made or are ready to use these have
been denoted with an *.
10X Running Buffer*

10X Transfer Buffer*

5% TBST Blotto (4°C)

144 g Glycine
30.2 g Tris base
TBST Buffer
10 g SDS
900 mL H2O

144 g Glycine
30.2 g Tris base

1 g Powdered Milk
50 mL

(Diluted to 1X with H2O)

(Diluted to 1X by combining
100 mL 10X, 200 mL Methanol,
and 700 mL of H2O)

900 mL H2O

Protocol
Part I: Preparation of Samples for Gel Loading
1. The virus supernatants were thawed in the virus hood at room temperature for
approximately 10 minutes until thawed.
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2. After thawing, the viruses were immediately placed on ice and aliquots equivalent
to 1.1 x 104 FFU of each virus were placed in 1.5 mL microcentrifuge tubes
containing the volumes of RIPA buffer described above.
3. The virus:RIPA mixtures which should be at least 1:1 v/v were incubated on ice
(4°C) for 10 min.
4. Following the incubation, the lysates were spun down at 12k x g for 5 min at 4°C.
5. During the spin, a premade buffer solution containing 1:19 of bME to Laemmli
Sample Buffer was thawed out.
6. After the spin, the supernatant from the virus/RIPA mixtures was mixed 1:1 with
15 μL of the buffer solution.
7. The samples were boiled for 10 min at 95°C in the Thermomixer.
8. During the boil, the gel electrophoresis chamber was prepared (see below in Part
II).
9. After the 10 min incubation, they were placed on ice to incubate for 2 min.
10. After 2 min, the samples were loaded as described below (Part II).
Part II: Loading and Running of Protein Gels
1. While the samples are boiling at 95°C in the Thermomixer, the protein gel rig was
prepared by filling the gel tub with Running Buffer to the appropriate line for gels.
2. The gel(s) were removed from the tissue culture refrigerator and removed from
their packaging. The green tape at the base of the gel was removed and the
comb carefully extracted so as to not disturb the cast wells.
3. The gels were placed into the insert holder with the shorter plate facing in and
the clamps affixed to hold the gels tightly against the rubber gaskets.
4. The gel insert holder was then placed secure in the tub and the region between
the plates filled with Running Buffer so that the wells were sufficiently covered.
5. A syringe was used to blow out the wells to clear them of debris and oily
deposits, which may have accrued during the manufacturing process.
6. The samples on ice were then loaded (20 μL / well) into the wells of a 10-well gel
using gel-loading tips (see order and orientation below). 2.5 μL of a premade
ladder were used (Precision Plus Western C – located in Franklin 3W).
7. The gel was run at 50V for 30 min followed by 200 V for an additional 30 min.
During the last 15 min of the run, the materials for the transfer were prepared
(see Part III).
Gel Lanes and Orientation
1
2
3
4
5
6
7
8
Ladder A2 WT G-stop OE1 OE4
OE2
OE3

9
-

10
-

-

Part III: Transfer of Separated Proteins to Membrane
1. While the gel was finishing up running, small plastic tubs were prepared
containing Transfer buffer and methanol. The sponges of the transfer sandwich
were placed in the plastic tub containing Transfer buffer to begin wetting.
2. The transfer apparatus was assembled by placing the tub in the big ice bucket
filled with ice. Transfer buffer was added to the tub to the “Blot” line.
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3. Once the gel had finished, it was removed from the running rig. The gel was
extracted from the casing and the top of the gel cut off. The gel was then
transferred into a tub containing transfer buffer.
4. A PVDF membrane was cut to be slightly smaller than the size of the gel using
scissors. The membrane was then placed in the plastic tub containing methanol
and was slowly rocked on the belly dancer for 2 – 3 min before being transferred
to another plastic tub containing transfer buffer for an additional 2 – 3 min.
5. While rocking, two pieces of filter paper were soaked in transfer buffer.
6. Once the membrane was finished rocking, the transfer cassette was assembled
in the following order (building bottom [black side] to top [clear side]):
- Sponge (wet with transfer buffer)
- Filter Paper (wet with transfer buffer)
- Gel
- Membrane (soaked in methanol followed by transfer buffer)
- Filter Paper (wet with transfer buffer) – roll out bubbles before
proceeding
- Sponge (wet with transfer buffer)
7. The transfer cassette was smashed to close and placed into the transfer
apparatus tub with the clear side facing the red terminal.
8. More transfer buffer was added to ensure that it was above the blotting line. The
apparatus was closed and more ice added around the vessel.
9. The transfer was run at 100 V for 1.5 hours. During the last 5 minutes of the
transfer, a small Perfect Western box was filled with TBST in preparation for
rinsing the membrane.
10. After the transfer was complete, the transfer cassette was removed and opened
quickly to prevent rapid drying of the membrane. A pencil mark was applied to
one corner of the side of the membrane facing the gel and the membrane was
transferred to the Perfect Western box filled with TBST using tweezers.
11. Following a rinse for approximately 5 min, the TBST was poured off and 10 mL of
5% TBST Blotto added to block. The box was labeled with tape and placed in the
4°C cold room on the belly dance to rock slowly overnight.
Part IV: Application of Primary and Secondary Antibodies
Table 1: Primary and Secondary Antibodies for Detection of RSV Proteins
Protein
Primary
Concentration
Secondary
Concentration
Antibody
of Primary for
Antibody
of Secondary
Use*
for Use*/**
RSV G
131-2G
Anti-Mouse
1:10000
1:2000 (5 µL)
RSV NS1
Anti-NS1
Anti-Rabbit
1:10000
1:5000 (2 µL)
RSV NS2
Anti-NS2
Anti-Rabbit
1:10000
1:400 (25 µL)
RSV F
Motavizumab
Anti-Human
1:10000
1:5000 (2 µL)
RSV N
Anti-N (D14)
Anti-Mouse
1:10000
1:5000 (2 µL)
* The volumes provided are based on preparation on addition of antibody to 10 mL of
2.5% TBST Blotto.
** The secondary was added with 1:2000 of Strep-HRP to make the protein ladder
visible in the blot.
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1. The next morning, the box was removed from the cold room and the TBST Blotto
solution was poured off. The membrane was then rinsed briefly with TBST, which
was quickly poured off. Then an additional approximately 10 mL of TBST was
added and the Perfect Western box placed on the belly dancer to rock slowly for
five minutes, while the primary solution was prepared.
2. A 2.5% TBST Blotto solution was prepared in a 15 mL conical tube by diluting the
previously prepared 5% TBST Blotto solution 1:2 with TBST to a final volume of
10 mL. To this solution, the first primary antibody (a-RSV G) was applied (see
Table 1 above). The solution was inverted several times to mix. The TBST in the
Perfect Western box containing the membrane was poured off and the primary
antibody solution in Blotto was added.
3. The membrane was incubated at room temperature while rocking slowly on the
belly dancer for 1 hour.
4. Following the 1-hour incubation, the primary solution was poured off and the
membrane was washed three times each for 10 min with approximately 10 mL of
TBST.
5. While the third wash of TBST was finishing, the secondary solution was prepared
in a 15 mL conical tube by diluting the previously prepared 5% TBST Blotto
solution 1:2 with TBST and adding the secondary antibody (a-Mouse) and StrepHRP (see Table 1 above) in a volume of 10 mL. The solution was inverted
several times to mix and was added after the third wash TBST was poured off.
6. The secondary was incubated for 1 hour at room temperature while rocking
slowly on the belly dancer.
7. Following the 1-hour incubation, the secondary solution was poured off and the
membrane washed three times each for 10 min with approximately 10 mL of
TBST.
Part V: Development of the Membrane
1. Following the third wash, the TBST solution was poured off and 1 mL of the
WesternBright ECL Luminol (Enhancer Solution) and 1 mL of WesternBright
Peroxide Chemiluminescent (Peroxide Solution) were applied directly to the
membrane. The membrane was rocked to cover the membrane with the solution
by hand.
2. A plastic paper sleeve was cut with a razor blade to expose a window by pulling
back the plastic. The developing gel, the plastic sleeve, and a pair of tweezers
were taken to the developing station for gel imaging.
3. After logging in, the gel doc (imaging) station is prepared by making sure that the
proper filters are set to western blot (WB) which is regulated by a lever at the top
of the gel doc box. In addition, a white tablet was placed in the gel doc to cover
up the trans-illuminating plate. The software should be prepped to run High
Sensitivity Chemiluminescence.
4. The membrane was placed in the plastic sheet underneath the generated
window and a Kimwipe was used to press out the air bubbles sandwiched
between the plastic sheet and the membrane.
5. The gel was initially imaged for 15 seconds and the exposures were adjusted as
needed.
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July 12-14, 2017
Zunlong Ke, Somnath Ganapa, and Dylan Price Wittenauer
Actin/microtubule experiment:
Cells: HeLa and BEAS-2B; Virus: A2-mK+
Actin drug treatment: Cytochalasin D (1 μM, 90 mins)
Microtubule drug treatment: Nocodazole (4 μM, 90 mins)
Experiments Procedures
Initial test of the drugs on the cells: (July 13-14, 2017)
Use drug to treat cells
• One 6-well plate of HeLa cells, Passage 13, 70% confluency (July 13, 2017)
• 2 wells for non-drug treatment (No treatment, or DMSO)
o Wash with PBS, add 2 ml DMEM++
Fix the cells with 4% PFA for 10 mins (Actin)
Make 20 ml 4% PFA:
• Mix 5 ml 16% PFA + 2 ml 10X PBS + 13 ml H2O
Wash cells with PBS 1X, add 2 ml 4% PFA, incubate at RT for 10 mins
Aspirate the PFA, add PBS
Block with 5% BSA for 30 mins at 37C
Wash with PBS, 1X
Permeabilize the cells with 1% Triton-X100 (in PBS) for 5 mins at RT
Wash with PBS, 1X
Stain actin filaments
• Actin primary Antibody: Phalloidin 633 (got it from Bernardo Mainou), 1:100, 15
ul in 1.5 ml PBS), 500 ul each well for the 6-well plate, at 37C for an hour.
Wash with PBS, 2X
Stain the nucleus
• DAPI 405 (Invitrogen, got it from Bernardo Mainou), 1:500 (3 ul in 1.5 ml PBS),
500 ul each well for the 6-well plate, at RT for 20 mins, rocking.
Wash with PBS, 2X
• Mounted on slides using Prolong gold (Invitrogen)
Do fluorescent microscopy imaging
• Need microscope to do either confocal, or epi-fluorescent imaging
Primary Antibodies available:
Phalloidin 633
Phaloidin Texas Red 615
Alpha-tubulin (DMIA), Mouse
Ac-alpha-tubulin (D20G3), Rat
Anti-RSV-F (Palivizumab), Human
Anti-RSV-G (3D3), Mouse
Secondary Antibodies available:
Anti-Human, AF488
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Anti-Human (APC), 647
Anti-Mouse 633
DAPI: 450
For 24-well plates:
Seed cells with HeLa cells
• Place one Microscope Cover Glass (Fisher, 12-545-80 12CIR.-1) per well
• Add 500 μl of pol-L-Lysine (1X, 0.01 mg/ml) into the well to completely cover the
glass
• Let it sit for 10 mins at RT
• Aspirate away the poly-L-Lysine and then add the cells to the wells
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DeltaVision Imaging Protocols
Prepared by Zunlong Ke, with advice and edits from Krishna Suddala
DeltaVision is a wide-field fluorescence microscope located on the 5th floor of ECC,
Room XXX.
In order to operate the microscope well and obtain the best images, here are the steps
to follow. When preparing the sample for DeltaVision, the sample needs to be on a thin
GLASS material, either a thin glass cover slip, or a MatTek Dishes. I use the MatTek
dishes. Dishes with Borosilicate glass #1.5 (as opposed to #1) give better images.
Start the microscope:
Turn on the machine:
Press button 1, this turns the IC/MIC – Instrument Controller ON, and wait for a few
seconds until you hear a “beep” sound.
Press button 2, the main power switch, and wait a few seconds, you should hear the
movement of the fan in the camera
Turn on the Computer (Linux, and this button is “elastic”, press it once and release it).
You should hear a beep sound and also the blue leds on the desktop should light up.
Button 3 is for the lasers. Normally, you do not need to turn this on unless you are doing
TIRF imaging or photokinetics measurements (FLIM, etc.).
Enter the password for the Linux computer, located on the bottom left corner of the
monitor, starts with “cnxxxxx”.
To initialize the microscope:
Make sure the objective lens is all the way down, and the stage is centered. Use the
“joystick” (fast mode) to center the stage.
Double click the software for imaging, softWoRx 6.5.2.
On the interface of the software, click on “File à Acquire”, then a window pops up
asking: “do you want to initialize the microscope?” And you double check the objective is
all the way down (or else it will be damages during the initialization stage), then click
“yes”. The microscope stage will move around. Wait until it completes the task.
Change the filter settings:
Bring up the Settings window (View à Settings). Go to the Misc tab, change the
Excitation, Emission, and XXX filter settings. Change all 3 to be the same. Options are:
Standard, Alexa, and Live cell imaging). Then Click on Activate all the filter sets button.
You will hear a sound, and all the windows will disappear.
Change the “Emission filter set” manually on the microscope (numbered 1-6), buy
moving the turret. Match the number to the filter sets in the software. Look at the sheet
that is pasted on the top of the microscope chamber, for information about the different
filter set options.
Bring up all the windows needed for imaging:
Settings window:
Imaging TAB: Gain set it to 700 (default is 1,000)
Files TAB: Set the folder for data collection
Experiment window:
Snapshot window:
347

Continuous Acquire window:
Now the microscope is ready for imaging.
Load the sample:
• The sample needs to be placed on thin glass cover dish to get the best possible
performance.
• Clean the objective lens using a lens cleaning tissue and the sparkle cleaning
solution (in a small white plastic bottle), if needed.
• Add a drop of Oil (For 60X, non-TIRF, use N = 1.518) to the objective lens. Do
not touch the lens directly, let the oil drop by itself, or gently touch the oil drop to
the objective lens.
• Lower the objective lens all the way down before loading the sample.
• Wipe the bottom of the glass dish with 70% ethanol wetted kimwipe and dry it
once.
• Place the dish onto the “adapter”, avoid the bottom of the dish touching any
surface.
• Load the sample onto the microscope stage.
• Bring the objective lens up slowly until the oil just touches the bottom of the glass
dish.
While imaging:

Image above: Graphical User Interface on DeltaVision

2D snapshots:
Settings window:
Imaging TAB: Gain set it to 700 (default is 1,000)
Files TAB: Set the folder for data collection
Snapshot window:
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Image File Name: give it a proper name appended with a number, say 1. Then
the prefix of the file name will be kept with the increasing number.
Select the channels needed for imaging, 1-4 channels can be selected at one
time.
You can select the ‘Deconvolve 2D Images’ option – makes the images sharper
Resolve 3D window:
The excitation and emission wavelength need to be adjusted for each channel.
For the corresponding settings, including T% (transmission percentage),
Exposure time, Lens (40x or 60x).
Scale Min and Max:
This needs to be set. Max around 30,000; Min around 2000 (varies, play around
the contrast accordingly).
3D Z stack:
Resolve 3D window:
Set the high and low of the sample position;
Experiment window:
Sectioning: Get thickness (optical spacing use 0.2 um).
Channels: Refresh, and will be using the current settings for 2D.
Give the Z stack an appropriate name. Deconvolution can be done after Z stack
is taken.
Experiment: needs to be saved before taking the Z stack.
Shutting down:
Follow the instructions printed on the wall.
Image post processing with Fiji (Image J):
For 2D snapshots:
Load the image file from DeltaVision into Fiji
No need to split channels when opening. After the image file is loaded as Hyperstack
and Composite for color mode:
Change the color for different channels:
Image à Color à Arrange Channels
Make overlay of the image
Image à Color à Make Composite
Adjust the brightness/contrast for each channel
Image à Adjust à Brightness/Contrast
Make the stack image into RGB
Image à Color à Stack to RGB
Add scale bar:
Analyze à Tools à Scale Bar
Save the image as TIF
File à Save as TIF
For 3D Z stacks:
Do as above for 2D snapshots
Max projection vs. mean intensity
Image à Stacks à Z Project
Number of slices to average can be selected
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Projection type: Max intensity; Average intensity; Min Intensity; Standard
Deviation
3D Project
Image à Stacks à 3D Project

Image above: RSV-infected BEAS-2B cells imaged by fluorescent microscopy
(DeltaVision Microsocpe). Red is actin filaments, green is RSV F, and the blue is the
nucleus.
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Leica Cryo-CLEM System Protocol
Adapted and prepared by Elizabeth Wright, Cheri Hampton, Rebecca Dillard, and
Zunlong Ke
Last updated on March 21, 2018
•

Begin by cooling the 5L dewar with liquid nitrogen and place the pump in the dewar.
To be stabilized, this takes approximately ~15 minutes.
o The liquid nitrogen level starts at 75% and goes down as the liquid nitrogen
declines. The system will beep at 12.5%. Strange sounds from the dewar
could mean that the ball bearings in the dewar are clogged.
o Pump rate: ~83% for normal working range. If the rate increases to ~95% it
could mean there is a clog and you should finish your experiments. This rate
can decrease (~73%) as well because the temperature of the stage is
consistent.
o Do not move the hose attached to the pump once it is cooled. It will become
brittle and can crack.
o With proper filling and monitoring, you can run a full 8-10 hr day of
experiments.

•

Heat the cryo-stage (on the microscope) to drive off any condensation/residual
material/blockages. It takes 5 minutes to reach temperature (60°C). Maintain the
temperature for ~2.5 minutes before turning off the heater.
o Heating of the cryo-stage should be done at the end of each run and
beginning of the day.
Press the pump ‘cool’ button to start cooling the cryo-stage. This should take ~5
minutes to reach temperature (-195°C). After it reaches temperature, allow the
system to stabilize for ~30 minutes before use.

•

•

Fill the transfer shuttle with liquid nitrogen to just below the porthole. Allow at least
~15 minutes for the temperature to stabilize. Factor in the liquid nitrogen boil off time.

Turn on equipment in the following order:
• Turn on Microscope (CTR 6) using the toggle switch on the front of the unit. Wait
until the microscope finishes initializing.
• Turn on the STP 8000 (control pad for stage) and wait for it to initialize before turning
on the computer.
• Turn on the sola light engine (light source). It has two toggle switches that have to be
turned on – both front (light) and back (power). Note that this could fail later in the
process and one may need to check that it is on (light indicator will not be on if it is
off)! The front switch (light) is the one that may need to be toggled on/off/on if the unit
fails to initialize.
• Turn on computer/monitor.
• Turn liquid nitrogen pump on (if you have not done this already).
• On humid days or when speed is required, use the Leica tool drier that is located on
the bench next pumping station.
Computer is used in ‘administrator’ mode for running experiments.
User mode: xxxxxx
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Admin password: xxxxxx
Loading grids into the cartridge in the transfer station:
• Return to the transfer station and check liquid nitrogen levels. Wait ~15 minutes
and/or check for temperature stability. Be sure that the door is in the closed position.
• Verify that you have loaded a copper grid cartridge into the cartridge loading station.
• Do not let nitrogen go above the hole in the transfer station, otherwise it will go back
behind the foam insulation and could cause it to crack.
• Filling the transfer station, be careful to keep the valve closed (most of the time)
because with it open it could allow condensation to begin to form in the transfer tube
and eventually lead to blockage.
• Transfer grid box into the stage area (cooling block for grid boxes).
• Pre-cool all tools within the transfer station (bent forceps, screwdriver, and lever
tool).
• To raise the grid holding clips of the copper cartridge, move the lever (with white
lever tool) to the upper left (it will lock open).
• Loosen lid on grid storage box.
• Retrieve grid from grid box and load grid carbon side up by sliding from the upper
right corner of the cartridge. Verify that grid is as centered as possible in the
cartridge. Return lever to center position with tool to lower the clips down onto the
grid. Re-verify that the grid is centered and clipped.
• Using the chilled white lever tool, slide the cartridge loading station to the lower
position (transfer position) that is in front of the gripper rod.
• Screw grid box lid down and remove it from the transfer station. Remove the
screwdriver and forceps from the transfer station. Retain the lever tool in the station.
• Retrieve the cartridge by using the gripper rod. Fully open the gripper, approach the
cartridge and clamp around the cartridge. Return gripper rod to the docked, fully
retracted position.
• Slide the cartridge loading station into the upper position, out of the way of the
gripper rod.
• Check liquid nitrogen level periodically and now.
• Place cover back on transfer station and carry to cryo-stage loading port on the
microscope.
Inserting the cartridge into the microscope:
• Walk transfer station over to the microscope and mount it onto the side of the
microscope.
• Using the STP8000, raise the Z height of the objective by pressing and holding the
‘home’ button. The Z-height is set to -2.144 mm.
• Open the two doors, first on the transfer station and second on the microscope cryostage.
• Quickly and smoothly move the gripper rod through to the microscope and the cryostage. Be sure to keep the gripper rod level and the gripper in the closed (C)
position.
• Once the gripper rod and grid are in the microscope, open (O) the gripper fully. Then,
quickly and smoothly retract the gripper rod from the microscope and back into the
fully docked position on the transfer station.
• Using the STP8000, lower the Z height of the objective by pressing and holding the
‘focus’ button (looks like an hourglass). The Z-height is set to 0 mm.
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•
•

Close the gripper to ensure that the gripper remains as cold as possible.
Close the doors on the cryo-stage and the transfer station and remove the transfer
station. Check the liquid nitrogen level and fill as needed.

Find the center of the grid:
• Using the STP8000, select the objective icon. Select port equals eye-piece (100%).
o Note: options for selection of eyepiece or camera.
• Using the STP8000, select the filter-wheel icon.
o Select brightfield (BF).
o Open the shutter (yellow = open, grey = closed).
• Using the x, y translation and focus knobs of the STP8000, find the center of the grid
and focus.
• Go the x, y, z tab and select the save (floppy-disk) button.
Setting up and imaging your grid:
Open the LASX software on the computer using the default configurations.
Open the MatrixScreener module, select Options, and set media paths. Uncheck
“Enable Image Deletion” and check “Flip X” and “Flip Y”.
In MatrixScreener, under the “Select App” tab, select “Matrix MAPS + CLEM2”.
Under “Adjust Experiment”, select the AF Job. Under project settings, uncheck “Use
sequencer board”. Repeat for the Job.
In the AF Job, press the z-stack button. Set the capture range to 10 µm and the speed to
the middle.
Press Live and focus.
Stop then autofocus to check.
In the Job, create appropriate channels for your experiment.
Go to Screening.
Expand the Experiment Manager and select CLEM. Choose the appropriate grid type.
Select Create Experiment.
Follow the CLEM workflow:
Press Live and double click the middle to move the stage.
• Zoom in using the mouse wheel and press Center Auto Focus.
• Expand the Align step.
o Set the Spiral Loop Count to 2, then Run Spiral Scan.
o Reduce the opacity of the image and use the mouse wheel to adjust the
rotation and X and Y positions of the grid. Return the opacity to 1.
• Use a circle to select the area of interest.
• Choose the +F button and place focus points in the area, then Start Focus Map.
o Check the areas for appropriate focus. If you need to make corrections,
press Live, adjust the focus, then press “Set Z”.
o Additional focus points can be added by using the +F button then “Find
remaining autofocus”.
Return to Adjust Experiment to setup a z-stack.
• In the Job, press Live and focus using the knob on the STP8000.
• Select “z” on the upper left.
• Adjust the height to one extreme of focus in the area and press “Begin”, then
adjust to the other extreme and press “End”.
Return to MatrixScreener.
• Under Mosaic Scan, select the file formats that you want, then “Run Matrix”.
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•

Set Markers:
o 1 – grid markers (>3 required). “Grid Alignment”.
o 2 – ROIs. “Image Position”.
o 3 – Beads. “Fine Alignment”
o Must deselect markers to move the grid.
o “Delete” removes all of them.
o The trash bin at the bottom removes specific markers.
• Export to SerialEM.
o Select the SerialEM file and verify the path.
o Set the Scale to XPX 9.752; YPX 9.752
o Set the Detector to DFC_365_FX.
o Press Export to SerialEM.
• Use print screen to capture an image of the map with coordinates.
Go to Adjust Experiment, choose “Open Projects” then “Save as” to save individual
images. Wait for saving to finish before closing.
Go to “Main” to edit the images.
To remove a grid that has been imaged:
• Check the cooling of the transfer station and fill as needed. Check the gripper rod to
make sure its position is neutral and it has been cooled.
• Re-center the stage before adding the transfer station to the system.
• Raise the objective lens.
• Open the two ports and retrieve the grid cartridge using the gripper rod.
• Once the grid has been removed, close the two ports and return the objective lens to
the focus position to keep it cooled. Note: you will need to raise the objective for the
next grid if you are imaging more than one grid.
Data processing (do this with everything on, not appropriate for ‘off-line’
processing):
• Go to “Main” module, but only after you are done with data acquisition for the day.
• Select the Projects tab and go to the directory with project data of interest. Open .lif
file.
• Go to “Process Tools” tab at the top.
• Start with “Crop”.
o Crop each channel of the matrix by turning off all but one channel (entire
stitched mosaic) or individual images in the z-height. Be sure that the values
you set for the z stack selection are equal for all channels. Files will be
named: XXX_Merging001_CropXXX…
• Under “Projects”, select the newly created image and return to “Process tools” and
select “Projection” and “Maximum” and apply. Repeat for each image that was saved
for each channel (e.g., brightfield, red, green, etc). Files will be named:
XXX_Merging001_CropXXX_ProcessedXXX…
• Under “Process tools” select “Merge” images. Return to “Projects” tab and select
images to be merged. Note you are only able to merge two separate images at a
time. E.g. Merge the red and green channels first as an image and then merge that
combined image with the brightfield image.
• Before exporting the .tif file, process each channel of the merged imaged for intensity
level (done while in the “Projects” tab).
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•

Export .tif of map (overlapped) by right clicking on the image. Rename the image as
something useful about the specimen first before exporting or rename it later.

File transfer at the end of the day:
• Go to “Main” module, find the project, and scroll to the bottom to find the merged
map to reprocess as needed and then save.
• Crop tools are available at the upper left.
• Work on the panels in the individual channels first and then merge them. You may
want to use the fluorescence and brightfield separately.
Closing out the instrument for the day:
• Re-center (home) the stage in the x,y, z control panel on the STP8000.
o Click x/y and hit the recall button.
• Raise the objective lens or verify that it has been raised.
• Start heating the cryo-stage by pressing ‘heat’ on the pump controller. This will take
at least 30 minutes to be sure that all ice and water is removed from the cryo-stage.
• Once the hose has thawed, you can remove the pump from the liquid nitrogen dewar
and place it on the rack.
• Empty any excess liquid nitrogen from the dewar and invert it to warm to room
temperature.
• Once the cryo-stage is warm and dry, turn off the heat.
• Shut down the entire system. Close software, shut down computer, and shut off the
microscope control systems (STP, light sources, and pump).
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Subtomogram Averaging of RSV F glycoproteins
Created on November 6, 2017

Zunlong Ke

Goal: This document is to provide step-to-step protocol to guide through subtomogram
averaging of RSV F glycoproteins. It works well with folders Sample_Data and
Sample_Results, which contains required starting documents for subtomogram
averaging. Also, it also covers software and hardware requirements for this learning
process. I will use RSV A2-infected BEAS-2B cells as the example. This is only good for
ok-resolution subtomogram averaging, due to limitations from raw data, number of
subtomograms, image processing methods, and sophistication in using of image
processing methods. For a more complete and sophisticated description of
subtomogram averaging, refer to protocols and methods by John A. Briggs group (Wan
and Briggs, 2016, Methods in Enzymology, 579 329-367; Turonova et al., 2017, Journal
of Structural Biology, 199 (3), 187-195).
Before you start:
Software packages:
PEET version 1.11.0 Alpha
imodinfo
Version 4.8.29 Apr 2 2015 00:36:00
e2version.py
EMAN 2.1 beta3 (CVS 2014/06/24 17:01:06)
Your EMAN2 is running on: Mac OS 10.9.5 x86_64
Your Python version is: 2.7.5
UCSF Chimera version 1.11 (2016-07-09) Platform: Darwin64
Spider (not essential, used for generating the mask volume)
Hardware packages:
Mac OS X 10.9.5 x86_64; Processor 2 x 3.2 GHz Quad-Core Intel Xeon
Memory: 32 GB 800 MHz DDR2 FB-DIMM (4GB x 8 processors) #Great for Parallel
processing#
Index:
Step 1: Tomogram Data Collection
Step 2: Motion correction
Step 3: Tomogram Reconstruction and CTF Correction
Step 4: Picking Particles in EMAN2 (SpikeInit)
Step 5: Preparing the Initial Reference
Step 6: Start PEET for Angular Search: Rough Alignment
• Step 6.1: Clonemodel: a tool to visualize alignment and duplicates
• Step 6.2: Remove duplicate particles and remove low-CCC valued particles
Step 7: Fine Alignment in PEET and Apply Symmetry
Step 8: PCA and clustering, classification
Step 9: Moving from binned data to unbinned data
Step 10: Calculate FSC and Variance Map
Step 11: Final Map Post-processing
• Step 11.1: Filter and Map Masking
• Step 11.2: Map Visualization in Chimera and Model Fitting
356

Step 1: Tomogram Data Collection
The singular goal of data collection for subtomogram averaging should be aiming for
high-resolution information (Wan and Briggs, 2016). So, anything that could make it
happen should be done and done well.
The example data:
Data was collected bi-directional, i.e., 0 to -60, to 2, to 60 degrees, at 2-degree step
increment.
Data was collected at 10 kx (pixel size is 6.14 Å for unbinned data), using Direct Electron
detector (DE-20), at 12 frames per second rate, at 1.5 seconds exposure time. Total
dose was ~120 e-/Å2. Defocus was set to be -6 μm, with a tolerance threshold of 0.5 μm
(I believe).
For high-resolution data collection, it would be ideal if:
1. Data was collected using the “dual-walkup” tilt scheme; 2-degree step increment
would be fine.
2. 3-degree step increment might be even optimal because each image will be
more dosed, and that will be easier for defocus determination for each image
(before reconstruction) and CTF fitting.
3. Magnification needs to be higher so that smaller pixel size can be achieved, say
20 kx (2.94 Å).
4. Defocus needs to be lower, say 3-6 μm; and the tolerance threshold should be
smaller (maybe 200 nm?). Threshold tolerance of 100 nm will be ok for 8 Å final
resolution reconstruction (Wan and Briggs, 2016).
5. “Exposure filter” (I think this is the same as “damage compensation”, could be
wrong) should be applied prior to reconstruction, and this can enhance contrast,
and faster in convergence for subtomogram alignment.
6. Increase beam intensity (change spot size if necessary) to lower exposure time,
and increase the frame rate to 24 frames per second. This can minimize drift
effect.
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DATA COLLECTION: CRYO-ET DATA COLLECTION

JEOL JEM-2200FS Transmission Electron Microscope, Emory University
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For 10 kx DE20 data collection:
I usually use the settings as described below:
1. Gain reference settings (all at spot size 4, Objective Lens Aperture #1, No energy
filter)
a. US 4000 at 20 kx: CL3 = 9997, mean count ~3000, dose ~3.26 e-/Å2/s; 1
s exposure time
b. DE20 at 20 kx: CL3 = 904B, mean count ~ 19652, dose ~5.86 e-/Å2/s; 1 s
exposure time; 12 fps
c. DE20 at 10 kx: CL3 = 9FFF, mean count ~ 31334, dose ~1.47 e-/Å2/s;
1.415 s exposure time; 12 fps
2. Acquire a 100 x low-mag full grid montage (-20 to -50 um defocus)
a. Identify the good areas for polygon montage, search for viruses
b. The grid square should be decent ice, not many broken carbon, areas are
ok for cryo-ET data collection (not too close to the grid bar)
3. Set up the low-dose at 10 kx (CCD, US 4000) for polygon montage, the purpose
is to search for viruses, either released or at the site of assembly
a. Record: 10kx, spot size 4, Energy filter in, 20 eV slit width, Dose per
image ~0.85 e-/Å2, CL3 = AE79, Record using CCD US4000, 1 s
exposure time; Defocus -20 µm, unbinned
b. Focus/Trial: 10 kx, spot size 4, no energy filter, 6 µm away from record
area, beam size slightly smaller than record because of the position of the
Objective Lens Aperture; 0.2 s exposure time, binning = 2
c. View: 5 kx, spot size 4, no energy filter, beam size usually similar to the
record, can be smaller if the Objective Lens Aperture were in the way; 0.5
s exposure time, binning = 2
d. Offsets for View: -26 µm
4. Set up low-dose at 10 kx (DE20) for tilt series acquisition
a. Record: 10kx, spot size 4, Energy filter in, 20 eV slit width, Dose per
image ~2.0 e-/Å2, CL3 = A929, Record using DE20, 1.415 s exposure
time; Defocus -6 µm, unbinned
b. Focus/Trial: 10 kx, spot size 4, no energy filter, 6 µm away from record
area, beam size slightly smaller than record because of the position of the
Objective Lens Aperture; 0.335 s exposure time, binning = 2
c. View: 5 kx, spot size 4, no energy filter, beam size usually similar to the
record, can be smaller if the Objective Lens Aperture were in the way; 0.5
s exposure time, binning = 2
d. Offsets for View: -26 µm
For 20 kx DE20 data collection:
Most of the steps are the same as 10 kx data collection, with the following changes:
1. Frame rate: 24 fps, this needs to be set before gain reference
2. Exposure time: 0.335 s, CL3 = 904B
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Step 2: Motion correction
Notes of Motion Correction:
Created on July 23, 2015, by Zunlong Ke
Original Dataset: 04June2015_RSV_OE4_BEAS-2B_p189n100
Z=0
16 raw frames were saved to D:\RawFrames\DE20\20150604_10373
Z=65
16 raw frames were saved to D:\RawFrames\DE20\20150605_10438
Dark and Gain References:
Gain: should have raw
Dark: choose the most recent ones
Copy 4 files from DirectElectron Folder:
DE_combine_references.py (python script for combining the references)
DE_plot_motion.py (python script for plotting the movements)
DE_process_frames.cfg (configuration file)
DE_process_frames.py (python script for motion correction)
All the files (dark, gain, raw frames of your data, DE scripts) should be in one main folder
before running the following commands.
Order of operation
(1)
Run DE_combine_references.py
source EMAN2 OR Type bash
python DE_combine_references.py
(2)
Open DE_process_frames.cfg files and edit:
http://www.directelectron.com/
# Set to the exposure rate in e-/A2/frame
exposurerate = 0.13
# Try 1 first; if results are poor, try 3
quanta = 3
# Generally don't need to change anything below
verbosity = 2
cores = 6
Format: python DE_process_frames.py outputFolder inputFolder
Make a new directory in the same folder:
mkdir motion_corr
Try run one folder first before running all of the folders together.
Run all the folders together: use “brackets function”, from Joshua Stauss
Say I want to run folders from 20150604_10373 to 20150605_10438; then I can type
inputFolder name as: 2015604[4-5]_10[3-4][0-9][0-9]
python DE_process_frames.py motion_corr 2015060[4-5]_10[3-4][0-9][0-9]
360

outputFolder: motion-corr; inputFolder: 2015060[4-5]_10[3-4][0-9][0-9]
After it’s done, use newstack command line to combine all the individual .mrc files into
one .mrc file:
newstack -rev 35 *mrc 04June2015_RSV_OE4_BEAS-2B_p189n113_m.mrc
Note 1: *mrc are the input files, meaning all the motion corrected .mrc files will be
combined;
Note 2: 35 is where it starts another direction of data collection, usually tilt angle = 2 (or
22 degrees if it starts at 20 degrees, then the –rev number is around 42).
Knowing this from .log file when collect tilt series, by searching “saved z =“, and look for
the Z number corresponds to the change of tilt angle, and this number (35) should be
Z(34)+ 1 since Z started with 0 in the log file.
And motion correction is done. Now you may proceed to do alignment in IMOD.
Extract tilt angles from the *st stack:
extracttilt -t input.st output_m.rawtlt
The output file output_m.rawtlt file contains all the angle information at each tilt.
When starting Etomo for building tomograms, choose “Tilt angles in existing rawtlt file”.
Make sure the newly compiled motion corrected MRC stack has the exact file name as
the rawtlt file, but different extensions.
Alter the header of the motion corrected MRC file
header input.st
This generates the header of the original header file from SerialEM, which contains:
Pixel spacing (Angstroms).............. 6.140
6.140
6.140
2 Titles :
SerialEM: Emory JEOL 2200FS-CRP
01-Nov-17 19:47:31
Tilt axis angle = -86.0, binning = 1 spot = 4 camera = 2 bidir = 20.0
However, the newly generated MRC file does not contain the correct tilt axis angle, bidir
value (bi-directional tilt value) and pixel spacing in Z
Pixel spacing (Angstroms).............. 6.140
6.140
1.000
1 Titles :
EMAN 11/03/2017 2:14
Alter the header of the newly complied MRC stack (input_m.mrc)
alterheader input_m.mrc -d 6.14,6.14,6.14 -ti “SerialEM: Emory JEOL 2200FS-CRP
01-Nov-17 19:47:31
Tilt axis angle = -86.0, binning = 1 spot = 4 camera = 2 bidir = 20.0”
-d is the pixel size
-ti is the title to add
This will generate the new *m_mrc file with the appropriate header, if will be used
for batch Runtomo, which requires the tilt axis angle.
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Step 3: Tomogram Reconstruction and CTF Correction
This step is standard in the Wright Lab, Emory University.
We use IMOD for tomogram reconstruction; we use phase flipping for CTF correction, an
internal feature in Etomo GUI
CTF correction noise file:
The link that our data is based on.
http://bio3d.colorado.edu/imod/doc/man/ctfplotter.html
The noise files are listed in a simple text file, the configuration
file specified by the config option. To be found easily from within
Etomo, the latter file should be placed
in a directory named
/usr/local/ImodCalib/CTFnoise or in
$IMOD_CALIB_DIR/CTFnoise if the
environment variable IMOD_CALIB_DIR has
been defined differently from
the default. You can then place the noise files in a
subdirectory of
CTFnoise, for example, F20. In this case, the configuration file
would
contain a list like this:
F20/file1.st
F20/file2.st
F20/file3.st
DE20_10K folder contains the nosie file, and the names are:
10K_point23e.st
10K_point34e.st
10K_point50e.st
10K_point76e.st
10K_1point17e.st
10K_1point74e.st
10K_2point55e.st
10K_3point84e.st
We did it in an increment of 1.5, for example: 0.23e X 1.5 = 0.34 e
The TXT file that will be used in IMOD CTF PLOTTER, is named as DE20_10kx.txt,
DE20_10K/10K_1point17e.st
DE20_10K/10K_1point74e.st
DE20_10K/10K_2point55e.st
DE20_10K/10K_3point84e.st
DE20_10K/10K_point23e.st
DE20_10K/10K_point34e.st
DE20_10K/10K_point50e.st
DE20_10K/10K_point76e.st
We used 1.5 increment when collecting our noise files. However, I think it would be
better if it was done in a smaller increment since it is based on interpolation. I would
recommend 1.2 or 1.3 increments since there are not so many images anyway. The
beginning/end of the dose should cover the normal range you will be using.
In addition, after collecting the noise files, you can run "ccderaser" to remove the "bad"
points. I am not sure if one needs to normalize it or not, but the mean density for ours is
10,562 (not normalized).
Link for ccderaser:
ccderaser input_file output_file: http://bio3d.colorado.edu/imod/doc/man/ccderaser.html
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Step 4: Picking Particles
Particle picking:
Notes: Do not pick particles near gold fiducials, because when expand the box, the gold
fiducials will be included in the alignment, which will be a disaster for alignment. Also,
even if a single gold is incorporated into the alignment/average, the final average will
look a lot different from without that single particle with gold in it because gold fiducial is
accounting for a great portion!
Particle picking in EMAN2 Boxer:
Files you need:
04June2015_OE4_b1.rec*
04June2015_OE4_b2_lp80.rec
04June2015_OE4_b2.rec
e2spt_boxer.py 04June2015_OE4_b2_lp80.rec -inmemory
This will open EMAN2 Boxer window:

Single Particle View
Main Window

Particle List

Then use the mouse the move the slide bar to change the Z height, and pick particles by
left-click. Shift + left-click will de-select the particle; Hold and drag the box can move the
position. If two particles are too close to each to pick, then put a box nearby and drag it
to the appropriate place.
Remember: avoid picking any subvolumes near gold fiducials, in all 3 dimensions!
After particles are picked, do File --> Save Boxed Coord to save the boxed data into a
.box file.
point2model -sc -nu 1 -sp 3 04June2015_OE4_b2_515.box
04June2015_OE4_b2_515.mod
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Model created with 1 objects, 515 contours, 515 points
-sc Make objects are scattered point type
-nu 1: Maximum number of points per contour
-sp 3: SphereRadius, display the spheres of this radius at each point
Open the .rec file and .mod file:
imod 04June2015_OE4_b2_lp80.rec 04June2015_OE4_b2_515.mod
And save the mod file again with IMOD windows open
Rescale bin=2 to bin=1 using imodtrans command:
imodtrans -i 04June2015_OE4_p184n97_ctf_norm_b2.rec -S 2 spikes_214_b2_fix.mod
spikes_214_b1.mod
Save the mod file again with IMOD windows open
Particle picking in IMOD Slicer Window:
• Rotate the tomogram with the slicer angles to the preferred orientation.
• Pick the subvolumes, either surface glycoproteins, or paracystalline matrix lattice
(Measles Virus M lattice), or RNP helical structure.
• It can be the same contour but different points, or different contours. I prefer one
point per contour, and all the model points are in the same object.
• The XYZ view in IMOD is also helpful in locating the center of an object.
• After particle picking, make sure the record the angles used to rotate the
subvolumes, the angles will be used in generating the initial motive List using
modifyMotivelist script.
Now move to spikeInit to determine the initial orientations of the spikes.
Since this virus is curved, you can treat it as two cylinders. The top one is named as C1,
the bottom is C2.
cp 04June2015_OE4_b2_515.mod 04June2015_OE4_C1_b2.mod
cp 04June2015_OE4_b2_515.mod 04June2015_OE4_C2_b2.mod
Open 04June2015_OE4_C1_b2.mod, and delete the points belong to C2. Do the same
for C2.
spikeInit 04June2015_OE4_C1_b2.mod cylinder
spikeInit 04June2015_OE4_C2_b2.mod cylinder
Clonemodel, clonevolume, spikeInit

Left: before using spikeInit, final aligned orientations; Right, after using spikeInit, initial
orientations.
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Clearly, the misaligned particles (bottom half) on the left were adjusted on the right.
Run spikeInit:
spikeInit 18June2015_A2_n458n405_b2_1445_spikeInit1.mod cylinder

Left two panels: Average without alignment of 1445 subvolumes from above, the initial
model.
Right two panels: subvolumes projected to its initial orientation (used postFusion F
instead of prefusion F), before and after using spikeInit.
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Step 5: Preparing the Initial Reference
There are several ways to generate the initial reference:
• Generate the initial reference by using one of the picked sub-volumes, say volume
1, particle 1.
• Generate the initial reference from the picked sub-volumes and pre-determined
orientation using spikeInit or modifyMotivelist
• Generate the initial reference from crystallographic data using e2pdb2mrc.py
3rrt.pdb 3rrt_test.mrc script
Generating initial reference when moving to unbinned data:
binvol -b 2 OE4_b1_03_AvgVol_3P5061.mrc OE4_b2.mrc
e2proc3d.py OE4_b2.mrc OE4_b2_lp30.mrc --process=normalize -process=filter.lowpass.gauss:cutoff_freq=0.033
e2proc3d.py OE4_b2_lp30.mrc OE4_b2_lp30_168.mrc --clip=168,168,168 --origin=0,0,0
This file (OE4_b2_lp30_168.mrc) will be the new user supplied reference when
moving to the unbinned data sets
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Step 6: Start PEET for Angular Search: Rough Alignment
Data sets:
1. 18June2015_A2_BEAS-2B_n458n405_full_b2.rec
2. 18June2015_A2_BEAS-2B_p450p393_full_b2.rec
Manipulate these two data sets: make sure the size is relatively small, and the
membrane is horizontal instead of vertical or skewed. This will make the spikes go
upright after averaging.
Tips:
1. Align the tomogram very well will help increase the resolution in Z direction
significantly;
2. CTF (and MTF if possible) correction will help increase contrast thus achieve
high resolution;
3. Use bin=2 data can significantly decrease computation and memory burden.
1st, rotate the volume to make sure the membrane is horizontal:
trimvol -rx, Rotate the output volume by -90 degrees around the X axis, by running
newstack and clip rotx.
trimvol -rx 04June2015_RSV_OE4_BEAS-2B_p184n97_motion_full.rec
04June2015_RSV_OE4_BEAS-2B_p184n97_motion_full_r.rec
rotatevol -a -88,0,0 18June2015_A2_BEAS-2B_n458n405_full_b2_r.rec
18June2015_A2_BEAS-2B_n458n405_full_b2_rr.rec (Rotate around Z axis -88, this
number is determined on slicer to make sure the membrane is horizontal)
rotatevol -a -34.3,0,0 18June2015_A2_BEAS-2B_p450p393_full_b2_r.rec
18June2015_A2_BEAS-2B_p450p393_full_b2_rr.rec (Rotate around Z axis -34.3)
2nd, trim the 3D volume to make the size just enough:
trimvol -x 150,1850 -y 1060,1510 -z 125,265 18June2015_A2_BEAS2B_n458n405_full_b2_rr.rec 18June2015_A2_BEAS2B_n458n405_full_b2_rr_trim.rec (X, Y, and Z range are determined in slicer
window)
trimvol -x 270,1920 -y 1000,1230 -z 140,260 18June2015_A2_BEAS2B_p450p393_full_b2_rr.rec 18June2015_A2_BEAS2B_p450p393_full_b2_rr_trim.rec
rd
3 , normalize the two data sets using e2proc3d.py command line:
source /Applications/EMAN2/eman2.bashrc (EMAN2 needs to be sourced)
e2proc3d.py 18June2015_A2_BEAS-2B_n458n405_full_b2_rr_trim.rec
18June2015_A2_BEAS-2B_n458n405_full_b2_rr_trim_norm.rec -process=normalize
e2proc3d.py 18June2015_A2_BEAS-2B_p450p393_full_b2_rr_trim.rec
18June2015_A2_BEAS-2B_p450p393_full_b2_rr_trim_norm.rec -process=normalize
Rename these two .rec files as 18June2015_A2_n458n405_b2.rec and
18June2015_A2_p450p393_b2.rec
4th, in EMAN2, use BOX function to box out spikes (filter before boxing):
source /Applications/EMAN2/eman2.bashrc
e2spt_boxer.py 18June2015_A2_n458n405_b2.rec --inmemory --lowpass=80
e2spt_boxer.py 18June2015_A2_p450p393_b2.rec --inmemory --lowpass=80
18June2015_A2_n458n405_b2_283.box; 283 spikes! (Added on July 12, 2016, no
top views, ZK)
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18June2015_A2_p450p393_b2_208.box; 208 spikes!
5th, transform .box format into .mod format and make sure they are aligned well
with corresponding .rec file:
point2model 18June2015_A2_n458n405_b2_283.box
18June2015_A2_n458n405_b2_283.mod
point2model 18June2015_A2_p450p393_b2_208.box
18June2015_A2_p450p393_b2_208.mod
Open the two .rec files and corresponding .mod files, make sure they are well
aligned; then save .mod files.
6th, start PEET and do Subtomogram Averaging:
Software requirements for cylinder (masking shape) are: PEET v. 1.10.0 and above and
IMOD v. 4.8.28 and above.
Try using filtered volume (lowpass=80 in EMAN2) to do initial alignment, and then use
the coordinates to do further averaging using unfiltered volume. In PEET, provide
MotiveList will do.
e2proc3d.py 18June2015_A2_n458n405_b2.rec
18June2015_A2_n458n405_b2_filt.rec -process=filter.lowpass.gauss:cutoff_freq=0.0125 (lowpass=80 in EMAN2,
1/80=0.0125)
e2proc3d.py 18June2015_A2_p450p393_b2.rec
18June2015_A2_p450p393_b2_filt.rec -process=filter.lowpass.gauss:cutoff_freq=0.0125
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PEET setup tab.

369

PEET Run tab.
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Step 6.1: Clonemodel: a tool to visualize alignment and duplicates
After PEET is done:
Create .csv file from the .prm file:
createAlignedModel spikeInit_01.prm
This generate the *Summary.csv file, and it will be the input for clonemodel/clonevolume.
To make the isosurface rendering of the subvolume
average:
Open the subvolumne average; change the threshold, and
then “Save to Object” under 3dmodv Isosurface View
window. Then, save model as *.mod, use that as the input
for clonemodel.
This is the average of 1313 total particles of the heattreated sample, with 3-fold symmetry imposed.
Run clonemodel to check if the subvolumes aligned roughly
or not:
clonemodel -input subvol_postF.mod -at
08June2016_t5_b2_287_Tom1_Iter4_Summary.csv -output clonemodel14.mod
subvol_postF.mod (this file is the isosurface rendering of the subvolume average, see
above)

This indicates the top half aligned well, while the bottom half didn’t align well, instead, it
seems like it needs 180 rotation around membrane plane axis.
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Step 6.2: Remove duplicate particles
Remove duplicate particles in PEET
Test dataset: 08June2016_t5_b2.rec; 08June2016_t5_b2_287.mod; it has 287 particles.
Duplicate Tolerance provides control over PEET's duplicate rejection logic. When the
search range is comparable to the spacing between particles, and especially when
particles lie along filaments, an alignment search can sometimes result in mulitple
particles pointing to essentially the same position and orientation. If not corrected, these
errors can bias subsequent references and averages, and can lead to overestimation of
resolution using Fourier Shell Correlation. If Remove duplicate particles after each
iteration is checked (below the Iteration Table), PEET will attempt to identify cases of
duplication, and will remove offending particles from further averaging or consideration
during the current iteration. The Shift and Angular tolerances specify the maximum
separation in integer pixels and degrees, respectively, at at which particles can be
considered duplicates. The shift tolerance is applied separately to each of the tomogram
X, Y, and Z coordinates. Duplication is determined independently near the end of each
iteration, so a particle ingored as a duplicate in one iteration is not necessarily excluded
from later iterations. A value of 0 for either or both of the angular and shift tolerances
can be used to disable duplicate removal for the associated iteration.
For RSV glycoproteins, I need to calculate the duplicate
tolerance (shift and angular):
Shift: X Y Z shift, particle center to center distance is ~8-12
nm (pixel size 1.2 nm in binning = 2 dataset). So the shift
should be 6 pixels. Then assume a spherical virus with
radius of 150 nm, then the angle between 8 nm on the
membrane will be:
Angle = (spacing on the membrane/2*PI*radius)*360o = ~3
degrees. So shift will be 6, angular 3.

finish.com file, spikeInit_10
$checkAlignmentLogs spikeInit_10.prm 33 47
$mergeEM spikeInit_10.prm 3
$removeDuplicates spikeInit_10.prm 3 (This is the script for removing the
Duplicate particles)
$averageAll spikeInit_10.prm 3 both
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$rm -f spikeInit_10-[0-9]*.com
$logWarningsAndErrors spikeInit_10.prm
Step 1, remove duplicates that’s 5 pixels (6 nm) for prefusion and 4 pixels (5 nm) for
postfusion in distance within in all directions, Angle tolerance = 180 degrees. At the
same time, do a full search using the spikeInit Initial MotiveList. Template matching
without refining references. In this step, initial references were PostF (EMDB-2393) for
pre and post. 6 iterations were ran, with smaller search distances and angles, and
increasing high frequency cutoff.
OE4: OE4_spikeInit_04_all_noRefine_PostF_noAng
A2: spikeInit_03_3827_PostF_noAng
A2-heat: spikeInit_04_PostF_rmDup_noAng_r6s2_3p
Results:
A2: 3827 total particles; duplicates removed 1559; 2268 (59%) went into final
reconstruction.
OE4: 2567 total particles; duplicates removed 880; 1687 (66%) went into final
reconstruction.
A2-heat: 1313 total particles; duplicates removed 507; 823 (63%) went into final
reconstructtion.
Removing duplicate particles of A2:

A2, before (right) and after (left) removing duplicate particles (Note, isosurface is from
postF).
Remove low-CCC valued particles:
After PEET is done and duplicate particles are removed, one can using
createAlignedModel to generate the new model and motie list files containing locations
and orientations found at alignemnt iteration usign settings specificied in parameter file.
Cross-correlation scores for each particle will be inserted as values each point in the
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new model, so they can be displayed in pseudo-color using 3dmod. Updated versions
of rotation axes files present in the project directory will also be created, reflecting the
new alignment and particle selection.
Using the output CSV file and determine the appropriate minCCC value as input
parameters for createAlignedModel. If choosing the average of the CCC values, then
half of the low-CCC valued particles will be removed from this step.
createAlignedModel filename iterationNumber minCCC
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Step 7: Fine Alignment in PEET and Apply Symmetry
Step 2, modify the output motivelist (*Iter7.csv).
If class was 0, change it to class 1; leave class -9999 as it is. That way, in the future
step, if a particle is considered as a duplicate (when imposing C3, with 1/1 as the
tolerance of distance and angle, step 3), then the new identified duplicate will be marked
as class -9999 (should be 1 before), all the original -9999 class will be changed to class
0; the rest classes stay as class 1. When do average, just specify “selectClassID = [1]” at
the end of the .prm file.
After changing the classes, make two more replicates of the *.csv files for each
tomogram, with rotating around Y axis 120 and 240 degrees.
modifyMotiveList input.csv input_class1_rm_ya.csv ‘0,120,0’
modifyMotiveList input.csv input_class1_rm_yb.csv ‘0,240,0’
Step 3, apply C3 symmetry and refinement with 3 iterations, remove duplicate that’s 1/1
tolerance.
Input csv files are the modifed motivelist; C3 applied; refine reference after each
iteration.
Reference input: averaged subvolume from previous step, lowpass filter to 60 Å, and clip
it to 168 voxels.
Step 8: PCA and clustering, classification
PCA analysis on OE4_13_both_yes_post_PCA folder under
Desktop/Classification/OE4_SubVol.
This is an average of 1403 particles, 530 side views plus 873 top views of OE4 “alligator”
virus particle.
#10 6

2.5

2

Eigenvalue

When doing PCA command using this:
pca OE4_13_both.prm 6 1403
OE4_13_both_AvgVol_6P1403.mrc
I found that CCC values drops from 0.14 to
0.08 starting from particle 531 (top views);
also the searching results are: Z out of voxel
size a lot starting from particle 531.

1.5

1

0.5

Run clusterPca, using the command line
below:
clusterPca OE4_13_both.prm
pca1403_OE4_13_both.mat 6 1:6

0

520 points in class 1 [(r g b) = (0 1 0)]
386 points in class 2 [(r g b) = (0 1 1)]
242 points in class 3 [(r g b) = (1 0 1)]
232 points in class 4 [(r g b) = (1 1 0)]
14 points in class 5 [(r g b) = (0 0 1)]
9 points in class 6 [(r g b) = (1 0 0)]
Akaike Information Criterion = 85968.3 (1
class), 76939.3 (6 classes)
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1

2

3

4

5

6

Component Number

7

8

9

10

improvement = 9029.06
Bayes Information Criterion = 86017.6 (1 class), 77234.9 (6 classes)
improvement = 8782.72
The results show great classification.
If I do 4 clusters, then the results are below:
521 points in class 1 [(r g b) = (0 1 0)]
487 points in class 2 [(r g b) = (0 1 1)]
386 points in class 3 [(r g b) = (1 0 1)]
9 points in class 4 [(r g b) = (1 1 0)]
Akaike Information Criterion = 85968.3 (1
class), 79971.8 (4 classes)
improvement = 5996.55
Bayes Information Criterion = 86017.6 (1 class), 80168.9 (4 classes)
improvement = 5848.75
This (4 clusters) shows less significant comparing with 6 clusters. Open .mod file, we
can see that class I and II are top views, while class III is side views.
If I do 8 classes, then I have results as below:
520 points in class 1 [(r g b) = (0 0.447 0.741)]
386 points in class 2 [(r g b) = (0.85 0.325
0.098)]
126 points in class 3 [(r g b) = (0.929 0.694
0.125)]
121 points in class 4 [(r g b) = (0.494 0.184
0.556)]
114 points in class 5 [(r g b) = (0.466 0.674
0.188)]
113 points in class 6 [(r g b) = (0.301 0.745
0.933)]
14 points in class 7 [(r g b) = (0.635 0.078 0.184)]
9 points in class 8 [(r g b) = (0 0.447 0.741)]
Akaike Information Criterion = 85968.3 (1 class), 74682.3 (8 classes)
improvement = 11286.1
Bayes Information Criterion = 86017.6 (1 class), 75076.4 (8 classes)
improvement = 10941.2
Using 4, 6, or 8 clusters, class I always has 520 particles, which is consistent with the
number of side views (530). Also, there are consistent numbers of particles in class II
(386 for 6 and 8 clusters). This feature is very interesting and worth pursuing to find out
what they are. My first hypothesis is they are neither top views nor side views; they are
in between these two views. Second hypothesis is that it could be just another
conformation of glycoproteins, say postfusion F, but most of them must from top views.
After clustering, it will generate .mod file, this file is only readable for visualization
purpose. It could not be used as averaging purpose.
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Using imod to open .rec file and .mod file to see distribution of different classes.
imod 04June2015_OE4_p97_b2.rec
./OE4_13_both_yes_post_PCA/class_tom1_OE4_both_1403_6.mod
After opening .mod file, the result is more than surprising: both of my hypotheses are
wrong! Class I and II are both top views. Class III and IV are side views.
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Average Different classes (August 28, 2015):
Use 6 eigenvectors as the classification results.
pca_OE4_13_both_MOTL_Tom1_Iter7_6.csv, this file has the classification results
on column “reserved”, the last column.
Copy that whole column and paste into the 6th iteration csv file, which will end with 7
before .csv
OE4_13_both_MOTL_Tom1_Iter7.csv. Thus, we can use “averageAll” function to
do different classes averaging. Before that, we need to add a line at the end of .prm
file:
selectClassID = [1], [1] could be changed into 2, or 3, to tell PEET average different
classes.
averageAll OE13_both.prm 6 average, this will average 520 particles from class 1
Wrote average volume OE4_13_both_AvgVol_6P0520.mrc
After this, change .prm file, selectClassID = [2], average class 2, 3, and 4.
Class 2: 386 particles
Wrote average volume OE4_13_both_AvgVol_6P0386.mrc
Total execution time : 1135.548521 seconds
Class 3: 242 particles; Class 4: 232 particles
Class I and II are mostly (>90%) top views;
Class III and IV are mostly (>90%) side views;
The averages from class I/II look very different from class III/IV, while I and II are
very similar, III and IV are similar.
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Step 9: Moving from binned data to unbinned data
Moving towards unbinned data:
EMAN2: scale function, re-scale volume pixel size (apix) and volume size.
Steve Ludtke (1/28/13):
The e2proc3d.py command is used for general-purpose image-processing operations.
To do what you're requesting, you would use the --scale and --clip operations:
e2proc3d.py input.hdf output.hdf --clip=140,140,140 --scale=2.8
If scale>1 you need to do --clip before --scale. If scale<1, you should do scale before clip
(though in this case, you may also need to consider using --meanshrink, possibly with a
lowpass filter).
e2proc3d.py spikeInit_03_AvgVol_6P2268_lp60_168.mrc
spikeInit_03_AvgVol_6P2268_lp60_168_b1.mrc --clip=336,336,336 --origin=0,0,0 -scale=2
e2proc3d.py OE4_spikeInit_05_AvgVol_6P1687_lp60_168.mrc
OE4_spikeInit_05_AvgVol_6P1687_lp60_168_b1.mrc --clip=336,336,336 --origin=0,0,0
--scale=2
#### I noticed that after rotate/trimvol, generating the unbinned data from IMOD, the
origin of the unbinned data is slightly off from the bin=1 data.
OE4:
02August2016_OE4_t3.rec
Origin on x,y,z ....................... 0.1653E+05 -0.1246E+05 626.3
02August2016_OE4_BEAS-2B_t3_b1_n.rec
Origin on x,y,z ....................... 0.1652E+05 -0.1247E+05 620.1
In order to fix it, there are two ways:
1. Change the origin of the rec files; This works!!! (August 23, 2016)
2. Generate the unbinned data first, and make the binning=2 data from the
unbinned using the command: binvol –b 2 unbinned.rec bin2.rec
Change the origin of the tomograms, to match the unbinned to the binning=2 data:
e2proc3d.py 02August2016_OE4_BEAS-2B_t2_b1_n.rec 02August2016_OE4_BEAS2B_t2_b1_o.rec --clip=3200,1600,460 --origin=6477,22290,1793
02August2016_OE4_BEAS-2B_t3_b1_n.rec 02August2016_OE4_BEAS2B_t3_b1_o.rec --clip=2800,1100,320 --origin=0.1653E+05,-0.1246E+05,626.3
A2:
e2proc3d.py 18June2015_w1599_g1_A2_BEAS-2B_p450p393_b1_tt.rec
18June2015_w1599_g1_A2_BEAS-2B_p450p393_b1_o.rec --clip=3302,462,242 -origin=-0.1114E+05,2570,749.1
e2proc3d.py 18June2015_w1599_g1_A2_BEAS-2B_n458n405_b1_tt.rec
18June2015_w1599_g1_A2_BEAS-2B_n458n405_b1_o.rec --clip=3402,902,262 -origin=-2371,0.1801E+05,933.3
A2 Ref:
e2proc3d.py spikeInit_12_AvgVol_3P6804_lp50.mrc
spikeInit_12_AvgVol_3P6804_lp50_168.mrc --clip=168,168,168 --origin=0,0,0
e2proc3d.py spikeInit_12_AvgVol_3P6804_lp50_168.mrc
spikeInit_12_AvgVol_3P6804_lp50_168_b1.mrc --clip=336,336,336 --origin=0,0,0 -scale=2
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Unbinned data generation:
imodtrans -i 18June2015_A2_n458n405_b2.rec -S 2
18June2015_A2_n458n405_b2_1445_spikeInit1_cylinder_spikes.mod
18June2015_A2_n458n405_b2_1445_spikeInit1_cylinder_spikes_b1.mod
imodtrans -i 18June2015_A2_p450p393_b2.rec -S 2
18June2015_A2_p450p393_b2_2382_spikeInit1_cylinder_spikes.mod
18June2015_A2_p450p393_b2_2382_spikeInit1_cylinder_spikes_b1.mod
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A2 unbinned data average:

FSC0.5 = 4.8 nm; FSC0.143 = 3.1 nm

Left: unbinned; Right: binning=2; both unfiltered.
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Step 10: Calculate FSC and Variance Map
Step 4, calcFSC and lowpass filter the averaged subvolume to the matched FSC0.5
resolution.
Calculate Resolution using FSC function from PEET, i.e., alignSubset, aveageAll,
calcFSC, plotFSC
alignSubset - align particles from a single tomogram with the reference
alignSubset file.prm tomogramNumber iterationNumber particleList
alignSubset OE4_14_all.prm 1 5 1:1800
Note: 1 is tomogramNumber, 5 is iterataionNumber, 1:1800 is particlelist meaning
particle 1 to 1800.
Angular search results may not be valid. Consider expanding the search range.
Particle alignment time: 11.804058 seconds
Alignment time: 19425.430769 seconds
Total execution time : 19427.679880 seconds
averageAll - compute reference and/or average volumes
averageAll filename iterationNumber desiredOutput tomNum
averageAll OE4_14_all.prm 5 T
Note: iterataionNumber is 5, desired output: T, meaning both average and reference.
Particle 1851 tomNum 1 ModelIndex 1851 included CCC=0.0544 phi 93.7163 theta
41.7384 psi -110.4130 dx 0.0000 dy 12.0000 dz 8.0000
Extracting a particle size of 78 66 70
75 particles from Tom 1 have been added to the average
Wrote average volume OE4_14_all_AvgVol_5P1875.mrc
Total execution time : 3708.895169 seconds
calcFSC - calculate the Fourier Shell Correlation of an alignment
calcFSC file.prm repCount
calcFSC OE4_14_all.prm 3
Note: 3 is the number of times to repeat calculating FSC.
In order to supply a mask for FSC curve calculation, the *.prm file can be edited and add
this line below:
windowName = file
windowParams = Mask_volume.mrc (the actual path to the MRC file, this mask does not
need to be a binary file, it can be sharp or soft, depends on the purpose).
plotFSC - plot the Fourier Shell Correlation function
plotFSC figureNum flgSpatialFreq flgErrorBars
plotFSC
Note: use default numbers for flgSpatialFreq (1) and flgErrorBars
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This is binning by 2 data, 1800 particles, and it has both top views and side views.
This FSC plot shows resolution is 5.5 nm at 0.5 cutoff.
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Step 11: Final Map Post-processing: filter, map masking, visualization, and model
fitting
Filter the map:
e2proc3d.py A2_b1_03_AvgVol_3P6804.mrc
A2_b1_03_AvgVol_3P6804_mask_lp50.mrc
process=filter.lowpass.gauss:cutoff_freq=0.02
Map Masking:
Make the mask in SPIDER with Josh
Spider script (file name is mask.spi):
To run this script, in the command line, do
spider spi @mask
And it will generate mask_b1_lpf10.mrc file, which is the output I need.
Apply the mask, and filter A2 average, which is from the unbinned data, with C3
imposed.
e2proc3d.py A2_b1_03_AvgVol_3P6804.mrc
A2_b1_03_AvgVol_3P6804_mask_lp50.mrc --multfile=mask_b1_lpf10.mrc

Left: b1; right, b2. Both are unfiltered.
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Model fitting in Chimera using 3RRT (postF) and 4JHW (preF, chain F, trimer);
segmentation using Chimera.
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Manipulation of the PEET output CSV files
Classification of particles based on CCC value in EXCEL:
IF(logical_test, value_if_true, [value_if_false])
T2=IF(A2>0.1999, 1, 2)
T2 is reserved, column 20, which is used for classification purpose. Based on the CCC
numbers from column A (the first column), we can subdivide them into different classes:
Using that function will give us results like this:
Class 1: CCC > 0.1999
Class 2: CCC <= 0.1999
However, the numbers could be changed. A complicated version will be:
T2=IF(A2>0.0999,
IF(A2<0.1999,1,IF(A2<0.2999,2,IF(A2<0.3999,3,IF(A2<0.4999,4,5)))),0)
Using that function will give us results like this:
Class 0: CCC < 0.0999
Class 1: 0.0999 < CCC < 0.1999
Class 2: 0.1999 < CCC < 0.2999
Class 3: 0.2999 < CCC < 0.3999
Class 4: 0.3999 < CCC < 0.4999
Class 5: CCC > 0.4999
An example:
CCC Value

0.15

0.2

0.3

0.4

0.23

0.15

0.0002

0.225

0.654

Classes

1

2

3

4

2

1

0

2

5

And then later in PEET, at the very end of .prm file, we add selectClassID = [1], and use
aveageAll to do subclasses averaging. We can also change 1 into other numbers to do
averaging.
averageAll - compute reference and/or average volumes
averageAll filename iterationNumber desiredOutput tomNum
averageAll OE4_14_all.prm 5 T
Note: iterataionNumber is 5, desired output: T, meaning both average and reference.
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SPIDER scripts for generating binary files of the mask
; Batch file mask.spi makes cylinder mask around RSV spike
; Made by Joshua Strauss 8/25/2016
; ========================== Input
============================================
[var1]=96
sub volumes

; Dimensions of mask, same as

[var2]=12

; radius of mask

[var3]=56

; Height of mask

[mask]=mask_b1

; output file 1, spider mask

;
=================================================================
==============
mo 3
[mask]
[var1]
masks volume
C
0.00
y
[var2]
mask
49.0
49.0
Q

[var1]

[var3]

; make mask
; output file 1, spider mask
[var1]
; dimensions of the
; cylinder
; Background density
; Axis of mask
; radius, height of

49.0

fq np
[mask]
mask_b1
format

; center of mask x,y
; center of mask in z
; filter mask
; output file 1, spider mask
; output filtered mask spider

3
0.1
cp to mrc
mask_b1
mask_b1_lpf10
mask MRC
32
0
0
0
0
MRC
6.14
6.14 6.14
0
0
0
MRC

;
;
;
;

gaussian low pass filter
filter radius in frequency
copy to mrc
mask lpf spider
; output file, filtered
; Format MRC dont change
; Don’t change, center of

; Pixel size Angstroms
; Don’t change, center of
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vm
mv mask_b1_lpf10.spi mask_b1_lpf10.mrc ; move *.spi output file to
MRC format
en
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; Joshua Strauss
; MSK_CY batch file makes binary cylinder mask that can be used
for PEET
mo 3
_1
36
64
36
need to change
C
0.00
change
Y
4.0
12.0
height
19.0
31.0
19.0
1.0
(dont change)
Q
cp to mrc
_1
Mask_H_head_C4_H12_3664_b4
32
0
0
0
0
11.76
11.76
0.00
0.00
en

; make object
; output file spider
; dimensions of volume, may
; cylinder, dont change
; density outside cylinder, dont
; axis of cylinder, dont change
; cylinder radius, cylinder
; center x,y
; center z (may change), density
; cp to mrc
; input spider file
; output mrc file
; dont change
; dont change
11.76
; pix, may change
0.00 ; dont change
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