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Viruses are a group of contagious microbes that have compact structures, containing a nucleic
acid core and a protein shell. The replication of viruses requires assistance from hosts which can
be almost any cellular organism. Viral infections are often associated with diseases and have been
a major threat to the human race. To cope with viral diseases, we need to understand viruses,
including their structures, life cycle, pathogenesis and interactions with their hosts. The first
structure of a human virus was determined by the Rossmann lab in 1985 using X-ray
crystallography.

Thanks to the recent advances in both hardware and software, cryo-electron microscopy
(cryo-EM) has emerged as a powerful tool to study virus structures. Cryo-EM allows structural
determination for a wide range of specimens to high resolution comparable to what can be achieved
by X-ray crystallography. Currently two techniques of cryo-EM are commonly used in structural
virology: single particles analysis (SPA) and electron tomography (ET).

Single particle analysis has been used to determine the structures of viruses complexed with
host factors in three studies that are to be discussed with more details in chapters 2-4.

The structure of B19 parvovirus complexed with Fabs of a neutralizing human antibody was
determined to 3.2 A resolution. This structure showed that amino acids from three neighboring
VP2 proteins form a quaternary structure epitope. In addition, the structure of human rhinovirus-
C (RV-C) complexed with its cellular receptor, CDHR3, was determined to 3.9 A resolution.
Despite the low occupancy of the receptors, a “powerful” localized 3D classification procedure
helped to select viral particles that had more bound receptors. Furthermore, structures were
determined to 10 A resolution of bacteriophage ®X174 bound to lipopolysaccharide (LPS)
bilayers, before and after genome ejection. These structures showed a series of conformational
changes that occurred when a phage penetrated the bacterial membranes. These studies are good

examples of applying cryo-EM to investigate virus-host interactions.
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However, single particle analysis requires samples to be isolated, homogenous and
monodispersed. On the contrary, tomography allows in sifu studies and is applicable to samples
with more flexibility and more heterogeneity. In the case of ®X174, the structural changes that are
involved in the assembly of the H-tube during infection remains a huge mystery. To provide an
environment that is more similar to the surface of a bacterial cell, LPS-containing liposomes were
mixed with ®X174 viruses. It was then observed that the ®X174 particles bound to these
liposomes in a very compact manner which was impossible interpret with single particle analysis.
Using cryo-ET, 3D volumes of liposome-®X174 complexes were reconstructed and structural
details were visualized by sub-tomogram classification and averaging.

The emergence of cryo-EM has not only made high-resolution structural studies possible but
also broadened the scope of samples with which virologists could work. Moreover, studies on
flexible and heterogeneous complexes between viruses and host factors are now possible using
either single particle analysis or electron tomography. These techniques will help us to understand

virus-host relationships and finally, to develop effective anti-viral therapies.



CHAPTER 1 INTRODUCTION

1.1 The co-evolution of electron microscopy and structural virology
1.1.1 Virus crystallography and its limitations

Viruses are the simplest organisms that can replicate, with the help of a host. A typical virus
particle is composed of a nucleic acid core that carries the genetic information and a protein shell
that protects the core. However, viruses have different compositions, different sizes and different
shapes.

Lacking the necessary organelles and machineries, viruses rely on cellular organisms to
accomplish replication. Viruses inhabit host cells and utilize the energy and machineries of the
host to replicate genomes and synthesize proteins. As a consequence, viral infections often cause
mild or severe diseases in their hosts. Virtually all living organisms, including humans, can serve
as hosts for certain viruses. Humans have been fighting viruses for thousands of years, even
without knowing the existence of viruses. So far over 200 virus species from 25 families have been
identified as human pathogens (1).

The initial knowledge about virus structures came from X-ray analysis and electron
microscopy. Watson and Crick had predicted that some of the spherical viruses have a cubic
symmetry. Diffraction experiments on Turnip Yellow mosaic virus (2), Tomato Bushy Stunt Virus
(3) and poliovirus (4) suggested that these viruses have icosahedral symmetry. These early studies
led Aaron Klug and Don Caspar to formulate their theory on the organization of viral shells (5).

The first high resolution structures of intact spherical viruses were solved around 1980 using
X-ray crystallography, including tomato bushy stunt virus (TBSV) by Steve Harrison (6) (figure
1.1A), southern bean virus (7) and human rhinovirus 14 (HRV14) by Michael Rossmann (8)
(figure 1.1B). These breakthroughs were made possible by advances in the analysis of X-ray
diffraction data. These early viral structures not only presented the first atomic view of viral capsid
proteins and how these proteins are assembled into an icosahedral shell, but also showed
astonishing similarities between plant viruses and animal viruses, particularly in the B-strands that

formed the interior scaffold, which was later known as the “jelly-roll fold” (figure 1.1C).



For the past thirty years, X-ray crystallography has been one of the major approaches in the
studies of viral structures. The structures of many icosahedral viruses have been determined to
atomic resolutions by crystallography (9-14). However, virus crystallography also has its
limitations.

Firstly, the presence of high order symmetry would smear structural features that do not obey
the same symmetry in the same virus. For example, bacteriophage ®X174 has a fourth structural
protein, the DNA pilot protein H, which was missing in the crystal structure determined using
icosahedral symmetry (15). This is because any non-icosahedral protein will have different
orientations in crystal packing dominated by the icosahedral capsids.

Secondly, the requirement for well-diffracting crystals limits the scope of samples that are
suitable for crystallography. Good crystals diffracting to high resolutions could only be produced
for some icosahedral viruses, which are usually small and non-enveloped. However, many of the
viruses that cause severe human diseases are pleomorphic and/or lipid enveloped including
retroviruses (HIV), orthomyxoviruses (influenza virus), flaviviruses (Dengue virus), alphaviruses
(Chikungunya virus), filoviruses (Ebola virus), coronaviruses (SARS-CoV), etc.

Thirdly, crystallography requires crystallization of viral particles or complexes. In practice,
crystallography usually only works well with viral particles alone or complexes with small
molecules, but not with complexes of viruses and receptors or antibodies. This is because these
complexes could not be crystallized because of their large size and limited lattice contacts. These
structural studies on more sophisticated viral complexes are important to understand the interaction
between a virus and its host.

Lastly, a crystal structure represents only one conformation of the virus which could be

different from the native structure due to purification, crystal packing or extensive averaging.



Figure 1.1 The structures of TBSV and HRV 14 determined by X-ray crystallography.
A. Packing of protein subunits in TBSV. A, B and C denote the three packing environment of the
subunit. B. A schematic representation of the icosahedral capsid of HRV14 composing of three
proteins. C. Cartoon diagrams showing the structural similarities between a plant virus, SBMV
and the three larger capsid proteins of HRV14. (Panel A is reprinted from ref. 6 and Panel B and
C are reprinted from ref. 8 with permissions from Springer Nature.)

1.1.2 The early development of electron microscopy and the era of “blobology”

The invention of the electron microscope in the 1920s allowed for the first time biologists to
examine their specimens closely at near atomic resolution. Viruses became some of the first
samples examined by electron microscopes because of their appropriate size and their relative easy

availability. Based on micrographs of viruses, hypotheses were proposed on the assembly and



symmetry of different viruses (5, 16—18). At that time, in David DeRosier’s words, virus electron
microscopy was “ping-pong ball models of various macromolecular assemblies derived by
eyeballing electron micrographs”, and he “could not see how one could be sure that a particular
model was correct” (19).

Aaron Klug and David DeRosier made the first attempt to reconstruct a 3D model of the tail
of T4 bacteriophage in 1968 using negative stained electron micrographs (20) (figure 1.2A). The
tail of T4 has a helical symmetry, and one 2D projection of the tail complex was in principle
enough to generate a 3D model. In the same study, they also depicted a general process of 3D
reconstruction of an object using 2D electron projections based on the central slice theorem (figure
1.2B). In 1970, Klug and colleagues calculated two reconstructions on spherical human wart virus
and tomato bushy stunt virus (TBSV) (figure 1.2C) using multiple 2D projections from different
orientations (21). A more complete theory was published in 1970 by Klug et al. (22). They also
mentioned the issue of defocusing and discussed how to compensate it (23).

In the efforts to improve the quality and resolution of electron microscopic images, scientists
realized that radiation damage caused by excessive exposure to electrons was a big problem for
biological specimens (24). To minimize radiation damage and to keep the sample hydrated,
Glaeser et al came up with the idea of freezing crystals of catalase and successfully recorded
diffraction patterns at 4.5 A (25).

In those early days of electron microscopy, viruses were the perfect sample for technique
development for two reasons. First, viruses usually possess high order symmetry, either helical or
icosahedral, which makes a small dataset interpretable. The highly symmetric particles also
produce stronger signals and have more tolerance toward the noise from electron imaging. Second,

viruses are easy to purify and have structural features that are easy to distinguish.
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Figure 1.2 First reconstructions of T4 tail complex and TBSV from electron micrographs of
negatively stained sample.

A. A negative-staining image of helical T4 tail (left) and a reconstructed model by Klug et al. using
Fourier synthesis. B. A schematic diagram of reconstruction using projections from different
orientation proposed by Klug et al.. C. A 3D wire model of TBSV reconstructed from electron
micrographs. (Panel A and B are reprinted from ref. 20, and panel C is reprinted from ref. 21, both
with permissions from Springer Nature.)

In 1975, Richard Henderson and Nigel Unwin, at the Medical Research Council Laboratory of
Molecular Biology, used electron diffraction to determine the first structure of a membrane protein,
bacteriorhodopsin (26). In their 7 A resolution map (figure 1.3A), seven transmembrane helices
were clearly seen, which was later acknowledged as a signature of G-protein coupled receptors.

At about the same time, Joachim Frank focused on the reconstruction of macromolecules with
low or no symmetry in their non-crystalline form (27) and began to develop his SPIDER program
(28). Using 2-dimensional autocorrelation algorithm, Frank for the first time produced 2D

averaged images of glutamine synthetase (29) and the ribosomal 40S subunit (30). In 1987,



Joachim Frank and colleagues made the first reconstruction of an asymmetric macromolecule, F.
coli 508 ribosome, using 489 particle projections selected from 5 tilt pair micrographs (figure 1.3B)
(31).

Another fundamental advance regarding sample preparation for electron microscopic study
was achieved by Jacques Dubochet. A complete procedure including sample freezing, grid transfer
and column cooling was described in order to fulfill electron microscopic studies under a
temperature of 130K (32, 33). Dubochet also showed that viruses embedded in vitreous ice,
without any staining, still yielded sufficient contrast for structural studies (34). A reconstruction
of Semliki Forest Virus with a resolution at about 35 A was later produced from what Dubochet
called “cryo-electron micrographs” (35). In the same paper, effects of different defocus values on
the contrast (low resolution) and details of the viral particles (high resolution) were illustrated.

Richard Henderson, Joachim Frank and Jacques Dubochet shared the 2017 Nobel prize in
chemistry “for developing cryo-electron microscopy for the high-resolution structure
determination of biomolecules in solution”.

Cryo-EM single particle reconstruction has been successfully used to determine the structures
of many icosahedral viruses (36). Initially, the cryo-EM maps usually had a resolution of 10 — 30
A and appeared as blobs of densities. Despite of the low resolutions, cryo-EM maps provided
insights on the organizations of viral capsids and membranes (37, 38), and helped to determine the
tertiary and quaternary structures of large protein complexes.

To build “pseudo-atomic” models for large molecular assemblies, it was a common strategy
to fit atomic coordinates of the components that compose a macromolecular complex of interest,
determined by X-ray crystallography, into a low-resolution cryo-EM map of the whole complex

(39).



Figure 1.3 Milestones in the history of cryo-EM in 1970s and 1980s.

A. A 7A model of bacteriorhodopsin acquired in 1974 using electron diffraction glucose-
embedded 2D crystals of purple membrane by Richard Henderson and Nigel Unwin. B. A
reconstruction of E. coli 50S ribosome using random conical tilt method by Frank Joachim et al..
C. A cryo-EM image of semliki forest virus particles embedded in vitreous ice. D. An icosahedral
reconstruction of SFV by Dubochet et al.. (Panel A is reprinted from ref. 26, panel C is reprinted
from ref. 34 and panel D is reprinted from ref. 35, all with permissions from Springer Nature; panel
B is reprinted from ref. 31 with permission from John Wiley and Sons.)

One of the examples was the structural determination of a flavivirus. Flaviviruses are a group
of enveloped viruses that are highly pathogenic. The outer shell of a mature flavivirus consists of
180 copies of E (envelope) proteins and M (membrane) proteins, which obey icosahedral

symmetry. However, flaviviruses could not be crystallized, potentially due to its flexibility caused



by the membrane envelope. The first structure of a flavivirus, dengue virus type 2 (DENV-2), was
obtained by fitting 90 copies of the known structure of a DENV E protein dimer (40) into a low-
resolution cryo-EM map of mature DENV-2 using the program EMfit (figure 1.4A&B) (39, 41).
In this way, a complete model of the E protein shell was built. There were three monomers (1.5
dimers) in one icosahedral asymmetric unit. It was found that three parallel E dimers were
assembled into a rhomboid shaped patch. Thirty copies of this patches associated to cover the
surface of the entire DENV-2. These findings were striking at the time because the DENV E
protein shell consists of 180 protomers but did not obey the classic quasi T=3 icosahedral
symmetry.

A similar case was seen in a study on the spike proteins of human immunodeficiency virus
(HIV). HIV is pleomorphic and the core of HIV is surrounded by a layer of lipid membrane. The
trimeric protein spikes were found to be sparsely distributed on the membrane surface and are
crucial in viral fusion with host membranes. A HIV trimer consists of three gp41-gp120
heterodimers. One of the earliest structures of intact HIV trimer was obtained by fitting a crystal
structure of monomeric gp120 (42) into a map of the trimer determined by cryo-EM single particle
reconstruction (figure 1.4C) (43).

The first single particle reconstruction that reached “near-atomic” resolution was achieved for
rotavirus in 2008 (44) by Nikolaus Grigorieff and colleagues. The 3.8 A map of icosahedral
rotavirus inner capsid allowed de novo model building of most of the amino acids. This
achievement was a result of non-icosahedral averaging of 13 VP6 trimers within one asymmetric
unit after icosahedral averaging and a careful particle screening using a correlation coefficient cut-
off. Between 2008 and 2013, six more single particle reconstructions at resolutions better than 4
A were achieved (45-47). It is important to note that all of these high-resolution results were
achieved on icosahedral viruses using electron microscopes operating at 300 kV, with around 250
thousand to 10 million equivalent subunits for structural averaging. These successes, as predicted
in 1995 (48), confirmed the potential of cryo-EM to determine structures at resolutions that are

comparable to X-ray crystallography.



Figure 1.4 The combination of cryo-EM and X-ray crystallography help modeling structures of
biological assemblies that cannot be crystallized.

A. A 24 A map of mature Dengue virus subtype 2 (DENV-2) rendered as surface representation.
B. A full assembly of the DENV-2 envelope proteins acquired by fitting the structure of E protein
dimers into the map showed in panel A. C. Structures of HIV gp120 and a Fab fitted into a cryo-
EM map of soluble HIV trimer at a resolution of 9 A. (Panel A and B are reprinted from ref. 41
with permission from Elsevier; panel C is reprinted from ref. 43 with permission from Springer
Nature.)

Another import progress was related to the validation of cryo-EM maps. It became widely
accepted that a “gold standard” criterion proposed by Richard Henderson should be used to
measure the resolution of a cryo-EM reconstruction (49). First, a dataset should be randomly
divided into two halves with equivalent amounts of data. Date processing should then be performed
for these two subsets independently, from building initial models to the iterative angular
refinements. The accepted criterion for measuring the resolution is taken to be where the Fourier

shell coefficient between the two maps was below 0.143, and corresponds to where the signal of
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either half map becomes less than twice the noise. At the same time, the quality of the raw electron
micrographs, 2D averages and the refined parameters for the projections need to be closely
examined as well. Most importantly, the structure features present in a cryo-EM map should
correspond with the nominal resolution. After all, resolution is just a number whereas a justifiable

interpretation of a cryo-EM map is what matters.
1.1.3 The “resolution revolution”

From 2013, cryo-EM and structural biology have experienced a revolution marked by the
structural determination of a transient receptor potential channel (TRPV1) to a resolution at 3.4 A
(figure 1.5A) (50, 51). The reconstruction of TRPV1 assumed a 4-fold rotational symmetry and
used a total of 130,000 particles. This work for the first time showed that such high resolution
could be achieved on a membrane protein with low-order symmetry by cryo-EM single particle
reconstruction.

Two breakthroughs stood behind the results. The first one is a revolutionary direct electron
detector, which is sensitive enough to enable high quality data collection in the form of movies.
The second one is a motion-correction algorithm built based on data from the direct electron
detector which calculates and compensates the relative beam-induced motion between frames of
one “movie-like” image (52). The length of the exposure time for a single frame is usually between
0.05 and 0.20 seconds.

Electron micrographs of biological samples typically have low signal-to-noise ratios, because
the total dose that can be applied is largely limited by the sample’s susceptibility to radiation
damage. Therefore, the detection of signals can substantially affect the quality of the micrographs.
The already weak signal at high resolutions can be easily lost as a result of the error introduced in
the detection and read-out processes. The new direct electron detectors are beneficial in two ways.
First, a high Detective Quantum Efficiency (DQE) boosts the signal-to-noise ratio at all resolutions
(53). The DQE of the K2 summit detector using “counting mode” is close to 0.8 at low resolutions
and 0.2 at resolutions close to Nyquist (Figure 1.5, panel B). Second, the sensitivity to single
electron events allows the recording of short frames at frequencies up to 1000Hz (54). These
frames make it possible to conduct image processing like dose-weighting and correction of beam-

induced motions (figure 1.5C).
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The ideas of direct electron detector and motion correction were not new to the field. Early
models of direct electron detectors had been proposed but had limitations (55, 56). A similar
motion correction algorithm was published by Grigorieff et al. in 2012 (57) for a DE-12 detector
made by Direct Electron Inc. It was shown that beam-induced motion existed not only in each
frame as a whole, but also in each particle in the forms of rotation and translation. An ideal
motion correction would be based on each particle.

Another factor that contributed to the rise of cryo-EM is automated data collection (58, 59).
A single particle reconstruction requires a lot of data, especially when there is no symmetry in the
sample. In the past, manual data collection lasting many days was exhausting and error-prone.
Robust software that enables fully automated, continuous data collection without any compromise
in image quality has greatly improved the efficiency of data collection. Currently there are three
popular software packages to fulfill automated image acquisition: Legion developed by the Scripps
Research Institute, SerialEM by the University of Colorado and EPU by FEI.

Structural virology has also experienced a big leap thanks to technique advances. In 2012,
only 2 completely new structures that had resolutions better than 4 A were deposited with the
EMDB, whereas 38 were deposited in 2017. Moreover, these recently high-resolution results
include not only icosahedral viruses alone, but also complexes with antibodies and receptors of
their hosts. For example, in 2014 Plevka et al. determined three structures of EV71-Fab complexes
at resolutions ranging from 9 to 16 A (60). A similar study on another picornavirus, HRV16
complexed with Fabs, achieved 2.3 A resolution with a K2 detector and powerful processing

algorithms (61).
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Figure 1.5 The structural determination of TRPV1 using a direct electron detector and motion-
corrected images.

A. The reconstruction of TRPV1 to 3.4 A resolution. (a. A micrograph of solubilized TRPV1
proteins embedded in vitreous ice. b, A Fourier transformed image showing Thon rings visible at
high resolution. c. 2D class averages of TRPV1 where secondary elements can already be seen. d-
f. Different views of the cryo-EM map of TRPV1.) B. A comparison of DQEs of K2 detector and
traditional CCD. C. The correction of beam-induced motion helps restore high resolution
information. (a&d. Thon rings before motion correction. b&e. Relative motion between frames
plotted in two directions. c&f. Thon rings of the same images as in c&d after motion correction.)
(Panel A is reprinted from ref. 50; panel B and C are reprinted from ref. 52. Both reprints are under
permissions from Springer Nature.)
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Figure 1.6 Number of maps deposited to EMDB by year and resolution.

Other than higher resolutions, the time needed for structural determination by cryo-EM has
been much reduced, thanks to the user-friendly programs and customized pipelines (62). Faster
data processing makes it possible to solve a structure “on the fly” and to adjust sample preparation
accordingly. One of the programs, cryoSPARC, even supports semi-automated data processing
and is able to generate high resolution results from raw micrographs without supervision (63). In
the case of the first structure of Zika virus determined during an outbreak in 2016 (64), it took less
than a month from harvest of the viruses to the achievement of the complete PDB model.

Since 2013, cryo-EM single particle reconstruction has emerged as a mainstream technique in
structural biology to pursue high resolution structures (figure 1.6) (65, 66). Compared to X-ray
crystallography, cryo-EM is sample-friendly, easy to manipulate and powerful in dealing with
structural heterogeneities. At this point, the “revolution” is still going on. The highest resolution
has been improved several times in the past three years (67, 68) and the lower barrier for sample
size has been pushed to 64 kDa (69) while revisiting the structure of haemoglobin with a Volta
phase plate.
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1.2 Cryo-electron microcopy: a versatile tool box for structural virology
1.2.1 Handling structural heterogeneity by 2D and 3D classifications

Heterogeneity always exists in biological samples and obstructs high-resolution structure
determinations. In crystallography, structurally different viruses or proteins have to be removed
prior to crystallization. Whereas in electron microscopy, this problem can be addressed later in
image processing.

A non-reference classification of all the input 2D projections (2D classification) has become a
routine in the processing of cryo-EM data. Similar projections (the same macromolecules projected
from similar orientations) are grouped together and an average is calculated for each class. This
sorting process is usually accomplished in an iterative manner until the classes stabilize. In each
of the iterations, an experimental projection is compared to the class averages from the last iteration.
Both rotation and translation need to be considered. To reduce computing time, an autocorrelation
algorithm is often used to enable translational-free comparison of two given images. A relative
rotation can then be determined to find the best match. Finally, a projection can be classified into
one of the groups that has the best correlation.

This process does not need any 3D model and is usually performed immediately after particle
selection. The quality of the dataset, the orientation distribution of the particles and any existence
of multiple structural states are usually revealed in 2D classifications. In structural virology, 2D
classification is often used to separate full and emptied viral particles. Any Fab or receptor binding
to the viral capsids should also be detectable in 2D classification (figure 1.7).

Any remaining structural heterogeneities can be further addressed by performing similar
classification at a 3D level. Different software packages have different strategies for 3D
classification but the general ideas are similar: projection matching (angular search) is carried out
against multiple 3D references instead of one, so that the projections of structurally distinct states

can be separated.
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Figure 1.7 A 2D classification of B19-Fab complexes using RELION.
Green solid circles indicate good classes that were selected. The class with a red circle may have
a lower occupancy of Fab. The rest of the classes were not selected because blurriness is observed
indicating heterogeneity or damaged particles.

There are different ways to perform 3D classifications to serve different purposes. Here
RELION (70) is used as an example and more details can be found in other references (71, 72).

A basic 3D classification is preferably carried out at the beginning of 3D auto refinement,
without prior knowledge to the structural states existing in the data. In RELION, one 3D initial
model is needed for the first round of classification and all particles will be randomly assigned into
different classes. In the following iterations, global angular searches will be performed against all
the models from the previous iteration until the classes stabilize. Refinements with finer angular
and translational steps can then be performed to show the structural state represented by each of
the classes.

In some cases, the structural difference is caused by flexibility and broken particles. Thus, the
classes out of a 3D classification do not necessarily represent distinct structural states. Usually
more homogeneous particles will be sorted into one class. In this case, 3D classification can be
used as a procedure to select and remove bad particles. This has been shown to be helpful to

improve resolutions.
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Sometimes subtle differences in the conformation or composition of the particles may not be
effectively detected in a crude 3D classification. In this case, 3D refinement against a consensus
model can be performed first without any classification to obtain relatively accurate angles for all
the projections. Then 3D classification without angular refinement can help to sort the particles
that have already been aligned. Because the angles are fixed, the general architecture of the model
will not diverge during the classification and minor structural differences might be detectable. At
the end, the detail of the differences can be visualized by refinements within each of the classes
against the corresponding models.

When structural heterogeneity is only present in a sub-area, masking is usually necessary and
effective. A mask in cryo-EM is essentially a 3D volume with voxel values of either one or zero.
In 3D classification, a mask can be applied to the new references to erase any density that is outside
the region of interest. Therefore, in the projection matching process, only the masked region will
be considered. This is usually helpful when there is domain flexibility or higher resolution is
desired for a certain region (73, 74). An example of masked 3D classification on the complexes of
®X174 and lipopolysaccharides receptors is given in figure 1.8. In this example, the interface
between the phage and the receptors was initially not well resolved. Two consecutive masked 3D
classifications were performed to classify the heterogeneity in this region.

However, a modestly homogenous sample is still one of the requisites to achieve good results.

Obviously, no algorithm can recover information that is not present in the sample.
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Figure 1.8 An example of masked 3D classification of ®X174-LPS complexes.
Two consecutive 3D classification using different masks helped sort the projections based on the
features (black and red circles) in the interface region.

1.2.2 Pushing the resolution by correction of the Ewald sphere

In transmission electron microscopy, a micrograph is considered to be a projection along the
z-axis and a single defocus value is assigned to this micrograph during contrast transfer function
(CTF) estimation. An equivalent assumption is that the Ewald sphere of the electron scattering
events has a very large radius (1/A) because the wavelength of electrons is very small, and is
therefore essentially a flat surface. This assumption leads to the Central Section Theorem which is

the foundation for Fourier synthesis (reconstructing a 3D volume from a series of 2D projections)
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used by all the single particles reconstruction programs (22). The assumption is almost correct
when the sample is thinner than the depth of field (resolution dependent, usually smaller than 200
nm). However, when the sample being imaged is thicker than the depth of field, using the same
strategy for data processing will limit the resolution (75).

In structural virology, it has been difficult to acquire high resolution structures for large viruses
(76). This is because giant viruses are usually more flexible and the number of particles in one
micrograph is very limited (Figure 1.9, panel A). Another important reason is that the sizes of these
giant viruses, as large as thousands of Angstroms, exceed the depth of fields of electron

microscopes.
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Figure 1.9 Limitations for large viruses and the Ewald sphere correction.

A. A micrograph of PBCV-1 imaged under 300 kV (642 x 664 nm). B. Resolution against sample
size. C. A schematic representation of the “block-based reconstruction”. Defocus gradient is
compensated by divide a large sample into blocks. D. Block-based reconstruction effectively
pushed the resolution of PBCV-1. (Figure in panel A is provided by Qianglin Fang. Panels B-D
are reprinted from ref. 77. Link to license: https://creativecommons.org/licenses/by/4.0.)
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To account for this problem, multiple algorithmic solutions have been proposed (77-80).

One of these methods is called “block-based reconstruction”. It divides one reconstruction into
multiple blocks which will be assigned different defoci and then processed (figure 1.9C) (77). The
structure of Paramecium bursaria chlorella virus (PBCV) capsid, with a diameter of 1900 A, was
previously determined to 8.5 A assuming icosahedral symmetry (81). With the K2 detector and
updated data processing, the resolution of PBCV-1 has been improved to 3.5 A (Fang et al,
unpublished data) even when using only 5-fold symmetry to account for the special vertex. Using
the same method, another large virus, herpes simplex virus type 2 (HSV-2), has been reconstructed
to a resolution of 3.1 A (82). Another method to account for the defocus gradient, the “ single side-
band image processing algorithm” (78) or “simple insertion method” (83), is implemented in
Frealign (84) and cisTEM (85). In this method, the coefficients of individual projections are
inserted into Fourier space as a curved sphere instead of a plane (86).

A similar issue also exists in cryo-electron tomography (cryo-ET), where the sample is usually
thicker and images are deliberately tilted. A similar correction method customized for cryo-ET has

been developed (87).
1.2.3 Beyond icosahedral symmetry

Macromolecules with higher symmetries have compressed structural information and provide
more subunits to be averaged. Icosahedral symmetry that is possessed by many viruses has greatly
facilitated the structural determinations and make viruses great models for technique development.

Icosahedral symmetry exists only in the viral capsid, whereas the genome or any enzymes
packaged inside usually do not have the same symmetry. After being averaged by icosahedral
symmetry in such cases, densities of asymmetric components are diminished in a reconstruction.
Compared to crystallography, cryo-EM is more flexible in dealing with symmetry mismatches.

A simplest solution is to assume no symmetry at all during image processing (88—90).
Bacteriophage MS2 has a single stranded RNA genome and a capsid composed of one maturation
protein monomer and 89 coat protein dimers arranged with T=3 icosahedral symmetry. In a
crystallographic study, neither the maturation protein nor the RNA genome was interpretable (91).
In asymmetric cryo-EM reconstructions of MS2, both the ssSRNA genome and the asymmetric
maturation protein were resolved to resolutions better than had been attained crystallographically

(figure 1.10) (92, 93).
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Figure 1.10 Cryo-EM asymmetric reconstruction of bacteriophage MS2.
A. The asymmetric map of MS2 capsid at 3.6 A. The maturation protein monomer is colored in
magenta. B. The interior of the MS2 reconstruction that has been low-pass filtered to 6 A. The
ssSRNA genome is highlighted in light blue. The genome is connected to the maturation protein.
(Reprinted from ref. 93 with permission from Nature Springer.)

There are two issues that come with asymmetric reconstructions of icosahedral viruses. First,
60 times more data would be required. Second, the orientation of the asymmetric component of a
virus, e.g. its genome, has to be fixed relative to the icosahedral axes of a virus. In the case of MS2,
the genome is rigidly connected to the maturation protein on the capsid and the extrusion of
maturation protein helped to locate the special vertex in the angular search. In other words, if the
genome does not have a fixed orientation relative to the icosahedral lattice, it would be almost
impossible to correctly align the genome density.

The issue is usually referred to as symmetry mismatch. Symmetry mismatched components
have to be processed independently using different symmetries.

One of the solutions is to perform masked or focused reconstruction. Bacteriophage T7 has an
icosahedral head whereas there is also a portal complex at one of the vertices responsible for DNA
packaging. The portal complex consists of multiple protein components which have different
symmetries. Guo et al. used a FAR (focused asymmetric reconstruction) method to mask out
certain regions and performed reconstruction of a single component at a time using the correct
symmetry (94).

Another approach is to first carry out an icosahedral reconstruction and then subtract the

icosahedral capsid from the micrographs. The remaining projections will then be used in an
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asymmetric reconstruction (95). Cytoplasmic polyhedrosis virus (CPV) from the Reoviridae has a
double stranded RNA genome and a transcriptional enzyme complex inside an icosahedral capsid.
The asymmetric features were visualized after a reconstruction using capsid-subtracted projections.
A work flow of the method is shown in figure 1.11. Projections of the icosahedral reconstruction
of the capsid along the same orientations with the experimental images were produced. Then these
projections will be subtracted from the “raw particles” using scaling factors determined by cross-
correlation individually.

As mentioned above, the protein shells of many dangerous viruses do not have any symmetry
and are resistant to single particle averaging. Another emerging cryo-EM technique, electron
tomography, is suitable in the studies of pleomorphic viruses and virus-host interactions. This topic

will be discussed in the next section.
1.2.4 In situ studies using cryo-electron tomography: a future direction

The central concept of cryo-EM reconstruction is the synthesis of 2D projections into 3D
volumes, which requires the knowledge of the orientations of all the projections.

In single particle reconstructions, the orientation of each “particle” is acquired through iterative
comparisons with all the possible projections of a 3D reference which is updated after every
iteration. As a result, single particle analysis is limited to purified, structurally identical
macromolecules. Whereas in cryo-electron tomography (cryo-ET), the stage of a microscope is
tilted to generate different projections of the same ice-embedded region and therefore, the relative
angles between the projections are known. Thus, 3D reconstruction of a single area of interest is

possible and any structurally unique feature is preserved.
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Figure 1.11 A procedure described by Zhang et al. to perform asymmetric reconstruction with the
icosahedral capsid subtracted from the projections.
(Reprinted from ref. 95 with permission from Nature Springer)

Cryo-ET has been used to study the organization of many pleomorphic viruses, including the
capsid (96, 97) and glycoprotein trimers (98, 99) of HIV, the nucleocapsid of filoviruses (100, 101)
and the fusion influenza virus (102, 103). These viruses have irregular shapes and their
glycoproteins are randomly distributed on the surface. One strategy to study the structures of these
heterogeneous assemblies to sub-nanometer resolutions is sub-tomogram averaging (figure 1.12)
(104). Essentially sub-volumes that contain smaller components like glycoprotein spikes and
nucleocapsid proteins, are selected and cropped from the original tomograms. These smaller

volumes, or sub-tomograms, are then aligned to a model before being averaged to achieve a new
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model. This process is repeated and the quality of the model should improve over iterations. At
the end, the orientations and centers for the sub-tomograms are no longer changing and the model

also stabilizes.
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Figure 1.12 A schematic representation of subtomogram averaging.
Subtomograms are firstly cropped from tomograms and then aligned to a model by both translation
and rotation. The average of newly aligned subtomograms is used as the model for the next round.
This is repeated until the model and the alignments become stable. (Reprinted from ref. 104, with
permission from Elsevier.)

The recent advances in detector technology, phase plate and automated data collection have
also improved the quality of cryo-ET. In a study on the maturation of HIV capsid, by using an
optimized strategy for data collection and averaging half a million subunits, an unprecedented
resolution of 3.9 A was achieved (figure 1.13A&B) (96). The resolution of the sub-tomogram
averaging was further improved to 3.4 A by utilizing an innovated method of CTF correction (87).

Cryo-ET is particularly suitable for studying dynamic virus-host interactions. Liposomes,
mini-cells or extracted host membranes are often used to study the entry of different viruses,
including influenza virus (105), arenaviruses (106), HIV (107), and bacteriophages (108—110).
These reactions usually involve multi-components and each of the components may have several
structural states. Cryo-ET allows 3D reconstruction of individual complexes and subsequently
classifications based on different structural states. Although in many cases, cryo-ET is still limited
in terms of resolutions, it can be compensated by high resolution structures determined by either
single particle analysis or crystallography. Hallforsson et al. determined the crystal structure of a

glycoprotein (Gn) of Rift Valley fever virus (RVFV) and a sub-tomogram average of pre-fusion
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virions in contact with liposomes at low pH (figure 1.13C&D) (111). By combining the results
from cryo-ET and crystallography, the authors proposed a model to show how the fusion loop of

RVFV is hidden at neutral pH and how it is activated to trigger membrane fusion at acidic pH.

Figure 1.13 Applications of Cryo-ET in structural virology.

A. A slice through the tomogram of an HIV VLP particle treated with a maturation inhibitor. Scale
bar, 50nm. B. Electron densities (left) and a model (right) of HIV capsid protein (CA) before spacer
peptide (SP1) cleavage generated from subtomogram averaging at 3.9 A. One CA-SP1 monomer
is highlighted with the NTD in cyan and the CTD and SPI in orange. C. A tomographic
reconstruction of RVFV associated with liposomes at an acidic pH. The model was generated by
placing the surface-rendered subtomogram averages of RVFV virions (grey) back into a tomogram.
Scale bar, 100nm. D. A subtomogram average of the activated pentamer of Gn-Gc glycoprotein
heterodimers in contact with liposomal membranes. The densities are fitted by crystal structures
of Gn and Gce. The fusion loops from Gc are inserted into the outer leaflet of the liposomal
membranes (blue). (Panels A and B are reprinted from ref. 96 with permissions from the American
Association for the Advancement of Science. Panels C and D are reprinted from ref. 111 under
license: https://creativecommons.org/licenses/by/4.0.)
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However, the quality of tomographic reconstructions is still limited by a few factors:

The total dose of a tomogram has to be rationed to avoid radiation damage and the ice of a
typical tomography sample is usually thick. These lead to very low signal-to-noise ratios for
individual projections. Therefore, a tomogram reconstructed from these images is also very noisy;

Instrumentation is another big limiting factor. Due to the way that an EM grid is made, and the
current design of a electron microscope, it is not able to achieve 180° rotation. Thus, a tilt-series
can only cover part of the Fourier space (usually -60° to +60°) in back projection. This is known
as the “missing wedge” problem. The “missing wedge” will introduce distortion in the density map
and will also interfere with sub-tomogram alignments.

A third factor is that movements are usually introduced when the stage is tilted. Movements
along the X- and Y- axes cause a change of the field of view. Movement along the Z axis causes a
change of distance to the objective lens and defocus values as a consequence. The tilt also leads to
a gradient of defocus across the image. All of these happen simultaneously, especially at high tilt
angles.

If one or more of these issues are successfully addressed, which very likely will happen in near
future, the quality of electron tomograms will be greatly improved and in situ structural studies at
high resolution would become common. In the future, it will be possible to directly observe all
kinds of biochemical reactions and biological processes, with detailed structural information,

inside cells.
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CHAPTER 2 AN ICOSAHEDRAL RECONSTRUCTION OF B19 VIRUS-
LIKE-PARTICLES COMPLEXED WITH FABS FROM A HUMAN
ANTIBODY AT HIGH RESOLUTION

2.1 Chapter Abstract

B19 is a small DNA virus that belongs to the Parvoviridae family. B19 is one of the most
common human pathogens. Antibodies to B19 are present in most human adults. B19 virus has a
strong tropism to erythroid progenitor cells and is able to cause a series of medical conditions
including fifth disease, arthritis, myocarditis, Aydrops fetalis and aplastic crisis. No approved
vaccine is available for B19 and there is a lack of structural characterization of any B19 epitopes.
Here we present the cryo-EM structure of a B19 virus-like particle (VLP) complexed with Fab of
a human neutralizing antibody, 860-55D. A model was built into the 3.2A resolution map and the
antigenic residues on the surface of B19 capsid were identified. Antibody 860-55D crosslinks the
capsid of B19 by binding to a quaternary structure epitope formed by residues from three

neighboring VP2 capsid proteins.
2.2 Introduction

B19 is a human parvovirus in genus erythrovirus. B19 virus primarily infects erythroid
progenitor cells and is the etiological agent of childhood erythema infectiosum (fifth disease) (1,
2). B19 infection is also associated with rheumatoid arthritis and myocarditis (3 - 7). Infections in
pregnant women of B19 may lead to hydrops fetalis or even fetal loss (1, 8, 9). B19 can cause
severe medical problems if the patient has haematological or immunological deficiencies. For
example, in patients with AIDS or sickle cell disease, B19 infection interferes with hematopoiesis
and causes acute anemia (10 - 15). B19 virus has a linear single strand DNA genome packaged
into a T=1 icosahedral capsid. The capsid has a diameter of about 260 A and is composed of 60
capsid proteins, a mixture of VP1 and VP2. VP2 accounts for about 95% of the viral capsid
proteins whereas VP1 accounts for about 5%. VP1 is essentially identical to VP2, with the
exception of a unique region of 227 amino acids (VP1u) at the N-terminus of VP2. VP1u contains
a phospholipase A2 (PLA,) domain which is necessary for B19 infection (16). The structure of the

mature virus is unknown whereas the structure of a virus-like particle (VLP) that only contains
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VP2 has been determined (figure 2.1) (17). A few receptors have been suggested for B19.
Erythrocyte P antigen has been shown to play a central role in B19” s tropism to bone marrow
(18). The initial receptor binding induces the externalization of the VP1u which then binds to a co-

receptor and initiates the viral uncoating process inside the host cell (19 - 23).

Figure 2.1 The structure of B19 VLP. A. The ribbon diagram of VP2.
The eight B-strands of the jelly roll fold are labeled from B to I. The loop insertions are highlighted
in different colors. B. The stereo view of VP2 VLP. The color codes are the same as in panel A,
with DE and HI loops at the 5-fold axes. An asymmetric unit is outlined by a black triangle.
(Reprinted from ref. 17)

Human antibody 860-55D derived from an HIV positive patient and diminishes B19
infectivity by 50% when the antibody has a concentration of about 0.73 pg/ml or 4.9 nM (24).
MAD 860-55D binds only to assembled viral particles and therefore has been used to detect mature
B19 virions or VP2 VLPs (22, 25 - 28).

Currently, there is no approved vaccine for B19, and B19 infection is still a threat in certain

circumstances. Structural investigations on virus-antibody interaction have been reported for many
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parvovirus, but not for B19 (29 - 33). To study the antigenic properties of B19, we have
determined to 3.2A resolution the structure of a complex of B19 VLP consisting only of VP2
subunits and the Fab of MAb 860-55D using cryo-electron microscopy (cryo-EM) single particle
analysis. The electron potential map shows that 860-55D recognizes a conformational epitope
composed of three neighboring VP2 proteins close to the “canyon” around the 5-fold axes. By
analogy with adeno-associated virus type 2 (AAV-2), the bound antibodies might be blocking the
binding of the a5B1 integrin co-receptor and therefore preventing infection. Alternatively, the Fabs

that crosslink the capsid proteins prevent uncoating.
2.3 Results and Discussions
2.3.1 The overall structure of B19-Fab complex

Purified VLPs were mixed with an excess of Fab molecules at 1:120 ratio (2 Fab molecules
per VP2). The mixture was vitrified after 1 hour incubation at room temperature. The otherwise
smooth VLPs became “fuzzy” in the electron micrographs because of the bound Fab molecules
(figure 2.2). The cryo-EM data was processed using the jspr package (34) assuming icosahedral
symmetry. A resolution of 3.2 A was achieved with about 8,000 particles, as calculated by a “gold
standard” FSC curve with a cutoff value of 0.143.
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Figure 2.2 Cryo-EM processing of the B19-Fab complexes.
A, A raw micrograph of complexes embedded in vitreous ice. (bar = 100nm). B, Averages of
representative 2D classes of the Fab-bound viral particles. C, Resolution evaluation using a gold

3.2A

Model vs map
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standard Fourier shell coefficient curve (dark blue) and a FSC curve between the model and the
map (red).

The B19 VLPs were found to be decorated by 60 Fab molecules, one in each icosahedral
asymmetric unit (Figure 2.3). The diameter of the complex is about 390 A. The light- and heavy-
chains of the Fab molecules bind close to the 5-fold vertices of the virus. The pseudo 2-fold axis
of the variable domain was almost perpendicular to the surface of the capsid. Most of the side
chains on VP2 could be built with confidence (figure 2.3B), except that loops 64-77, 300-312,
357-369, 397-400 and 525-535 are disordered. The quality of the Fab electron potential density
was best closest to the viral capsid. There is not obvious difference in density height between the
the capsid and the Fab molecules indicating a high occupancy of the Fab molecules. Given the 1:2
molecular ratio used in the sample preparation, the Fab molecules must be binding tightly to the

B19 VLPs.

Table 2.1 Statistics of cryo-EM data collection, processing and model building.

Data collection and refinement parameters
No. of movies used 1759
Defocus range (um) 1.2-25
Electron does (e/A?%) 38
No. of frames per movie 40
Exposure time per frame (ms) 200
Pixel size (A/pixel) 1.30
No. of particles to start with 9120
No. of particles used for final map 7395
Symmetry imposed icosahedral
Resolution of final map (A) 3.22
Model refinement with NCS applied
map-model correlation 0.736
all-atom clash 6.77
Ramachandran outliers 1.31%
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The good quality of the potential density (figure 2.3C) allows the unambiguous identification
of residues that form the epitope on the virus. However, no sequence information was available
for the Fab. Therefore, the known structures of several homologous Fab molecules (IgG type 3,
light chain type 1) were fitted into the density. PDB 5fhb (35) was used as the starting model. Five
out of the six complementarity-determining region loops (CDR) fitted very well, leaving the CDR3
of the heavy chain (CDRH3) uninterpreted. Therefore, poly-alanine was used to model this region
of 16 or 17 residues between the conserved cysteine and tryptophan that flank CDRH3.

A B

Figure 2.3 The structure of B19 VLP complexed with 860-55D Fab molecules.
A, Surface rendered cryo-EM map of the B19-Fab complex at 3.2 A resolution. Yellow (100 A),
green (125 A) and red (140 A) coloring indicate increasing distances from the center of mass. B&C,
Representative densities from the map of the B19-Fab complex with the fitted atomic model. B:
Residues 447-461 of VP2; C: The interface between VP2 proteins and the Fab. Magenta: Fab
CDRH2 residues 51-60; red: VP2 residues 280-281; green: VP2 residues 58-60.

2.3.2 The conformational epitope across three neighboring VP2 molecules

The epitope on B19 recognized by 860-55D is formed by residues distributed across three
VP2 proteins, which will be referred to as P1, P2 and P3 (figure 2.4A). Among the six CDR loops,
H1-3 and L1 make contact with the epitope. P1 and P2 are related by a 5-fold axis, and P2 and P3
are related by a 3-fold axis. P2 is located right beneath the bound Fab, whereas the HI loop of P1

extends above P2 and is inserted under the Fab molecule (the nomenclature of the VP2 loops
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follows Kaufmann et al. (17)). P2 and P3 are interlocked and loop 3 of P3 extends between the
Fab and P2, almost making contact with the HI loop of P1 (figure 2.4B). Loop 3 (P255-Y257 and
L276-H281) of P3 is surrounded by the three CDR loops on the heavy chain (figure 2.5A). The HI
loop in P1 sits between CDRH3 and CDRLI1 and the tip of loop 1 (63S-78S) in P2 makes contact
with CDRLI.

Figure 2.4 The quaternary structure epitope on B19 consists of residues from three VP2 proteins.
A, VP2 proteins around an icosahedral 5-fold vertex. The black pentagon represents an icosahedral
5-fold axis perpendicular to the plane of the figure. The black dashed line outlines the footprint of
one of the 60 bound Fab molecules. This Fab recognizes a quaternary epitope formed by three
neighboring VP2 proteins, which are colored in blue, green and red. They are referred to as P1, P2
and P3, respectively. The VP2 proteins that do not interact with the same Fab molecule are colored
in grey. B, A “roadmap” showing the surface residues of VP2 capsid projected onto a plane surface.
Each of the residues is colored according to its distance from the center of the capsid. The black
triangle outlines an asymmetric unit. The 2-fold axis is at the middle bottom, perpendicular to the
image. The boundaries of different VP2 proteins are represented by thick solid lines (red: P1; pink:
P2; yellow: P3). Residues that form the conformational epitope (within 4 A from Fab) are
surrounded by white dotted lines.

Residues that make contact with the Fab molecules were identified using the ncont function
in the CCP4 suite with a cutoff distance of 4 A (table 2.2). All the residues identified by the
program were visually confirmed. Although an alanine was built into position 101 of the heavy

chain, the electron density map indicates that residue 101 has a large side chain and is within 3.5
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A from F57 of P2 (figure 2.5B). Although F57 did not meet the distance criterion of 4 A, it should

be considered as a part of the epitope.

CDRL1
1470

Figure 2.5 Interactions between VP2 proteins and MAb 860-55D.
A, Residues on loop 3 of P3 are interacting with all three CDRs on the heavy chain of the Fab
(red). Residues (green) on loop 1 of P2 interact with CDRH2. The tip of the HI loop (blue) on P1
interacts with CDRH3 and CDRL1. B, CDRH3 of the Fab interacts with all three VP2 proteins.
Residue 101 on the heavy chain has a big side chain which stacks with F57 on loop1 of P2.

In summary, the HI loop of P1, the loop 1 and loop 2 of P2, together with the loop 3 of P3

form a quaternary structure epitope on the surface of the B19 capsid. As a result, when a B19

virus is recognized and bound by antibody 860-55D, the capsid proteins are crosslinked. The

number of copies of antibodies required to neutralize one virus and whether the crosslinking does

prevent the uncoating process remain to be studied.

Table 2.2 Residues of VP2 that form the epitope.

Variable regions on 860-55D VP2 copy no. (fig. 2.4) VP2 residues within 4 A
1 1470, K471, M473
CDRLI
2 P50, Y48
CDRHI 3 R274, E279, H278
2 S58, P59, A60, S62, D200, 1197
CDRH2
3 R274, E279, D280, 1283
1 1470
CDRH3 2 F57
3 L256, Y257, H278
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2.3.3 Structural alteration of VP2 by Fab binding

The root mean square deviation between the atoms in the bound and unbound VLPs was only
1.20 A. Therefore, binding of the Fab molecules did not significantly change the structure of the
VLPs (17) although there are a few loop regions that change their structures as much as 10 A for
some atoms (K471) (figure 2.6). A major difference occurs in the HI loop (amino acids 467-474)
which is a part of the epitope. The HI loop is located close to a 5-fold vertex, and extends through
the boundary between the capsid proteins. With the Fab molecules bound, the tip of the HI loop is
bend by about 60° toward the Fab and interacts with both the CDRH2 and CDRH3 loops. A similar
but less significant conformational change occurs in the loop 2 which is slightly bend due to the
interaction with CDRH2. Among the five disordered loops in the cryo-EM map, only 300-312 is
also disordered in the crystallographic structure of the unbound VLP. This is possibly due to
stabilization by crystalline packing.

HI loop -
1 .- \ o oopl

Loop2 - 197-200

10AA

Figure 2.6 Comparison of B19 VP2 with fab bound (red), B19 VP2 without fab bound (PDB-1s58,
green) and AAV-2 VP3 (PDB-1Ip3, blue).

The most significant conformational change caused by Fab binding occurs at the HI loop, with a
10 A difference in C, of K471. The residues that form the epitopes of 860-55D (B19, red) and A20
(AAV-2, blue) are represented in transparent spheres.

2.3.4 The mechanism of neutralization

Antibodies that recognize viral capsid proteins are able to neutralize infections by inhibiting

genome release (uncoating for non-enveloped viruses or membrane fusion for enveloped viruses),
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blocking cell attachment, or inducing irreversible conformational changes (or even disassembly)
of the virion.

B19 is structurally similar to AAV-2 (17, 36). AAV-2 uses a primary receptor, heparin sulfate
proteoglycan, for initial cellular attachment and then binds to co-receptors (aVB5 integrin and
AAVR) for internalization (37-39). Similarly, B19 utilizes blood P antigen for attachment and
a5PB1 integrin as a cellular co-receptor. A neutralizing antibody of AAV-2, MAb A20, allows the
viral attachment whereas it inhibits the internalization of the viruses (40).

Superimposing the structures of B19 VP2 and AAV-2 VP3 showed that A20 has a very similar
conformational epitope with 860-55D (figure 5). Four of the five regions on AAV-2 that form the
epitope of A20, overlap with the epitope of 860-55D in the alignment (32). On the other hand, the
epitope of 860-55D does not overlap with the footprint of heparin sulfate on AAV-2 (41).
Therefore, the neutralization of B19 by MADb 860-55D is likely achieved by blocking receptor
binding to a5B1 integrin. However, it is also possible that 860-55D abrogates B19’s ability to

uncoat inside a host cell by crosslinking the capsid proteins.
2.4 Methods and Materials
2.4.1 Generation of B19 VP2-only virus-like particles and Fab of 860-55D

The procedure described here was based on the protocol described in previous studies (17, 42).
The VP2 capsids were produced by a baculovirus-based expression system. VP2 protein was
expressed in Spodoptera frugiperdes (St-9) insect cells and assembled into icosahedral (T=1)
capsids. The AcCMNPV-VP2 construct described previously was used to infect Sf9 cells at around
0.5 x 10° cells/ml as a suspension in Sf-900™ II media (Thermo Fisher Scientific) without any
antibiotics. The cell culture was shaken continuously at 27°C and harvested 70 hours after infection
by centrifugation at 4000 g. The pallet was resuspended in lysis buffer (10 mM Tris/HCI, pH 7.4;
10 mM NaCl, 15 mM MgCl2, 0.5% Triton X-100, supplemented with protease inhibitors). The
cells were lysed by either repeated freezing and thawing or mild sonication. The lysate was
centrifuged at 2000 g to eliminate the remaining cells and large cellular debris. The recombinant
capsids in the lysate were sedimented into a 30% CsCl cushion by centrifugation at 150,000 g. No
band could be seen after the centrifugation and a mouse antibody (ab64295, abcam) was used to

determine the location of the capsids. The lower part of the cushion was extracted and added to a
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solution containing 36% CsCl, 50 mM Tris/HCI (pH 8.7) and 25 mM EDTA. The mixture was
centrifuged again at 150,000 g for 20-24 hours until a density equilibrium was reached. An opaque
band was extracted and dialyzed against PBS-Mg (8 mM Na,HPOy, 1.47 mM KH,PO,, 137 mM
NaCl, 2.68 mM KCI, 0.49 mM MgCl,). The solution was then concentrated to the desired
concentration.

Fab fragments of human antibody 860-55D were produced following the instructions of
the Pierce'™ Fab preparation kit (Thermo Fisher Scientific). First, 0.5 mg IgG was desalted by
passing through a Zeba spin desalting column. Then the flow-through was mixed with equilibrated
immobilized papain at 37 °C for 4 hours for digestion. The Fab fragments were purified from the
Fc fragments by passing through an equilibrated protein A column. Additional washing was done
to achieve optimal recovery. The flow-through fractions were combined and concentrated to obtain

the purified Fab fragments.
2.4.2 Sample vitrification and electron microscopy imaging

Purified VLPs and Fab was mixed at a molar ratio of 1:120 (2 Fab molecules for each VP2
protein). The mixture was incubated at room temperature (22°C) for one hour. Aliquots of 3 pl of
the virus-Fab mixture were applied to glow-discharged lacey carbon grids (400 mesh copper, lot
#200617, Ted Pella INC.) before the grids were blotted for 4-5 seconds and plunged into liquid
ethane using a cryoplunge 3 system (Gatan). A total of 1759 movies of the vitrified complexes
embedded in vitreous ice were collected in two sessions using a Titan Krios microscope operated
at 300kV with a Gatan K2 direct electron detector in counting mode (3838 x 3710). Automated
data collection was enabled by Leginon (43). The nominal magnification was 22,500 which
produced a pixel size of 1.30 A. The defocus range was set to 1.2 - 2.5 um. Every movie consisted
of 40 frames and each frame had an exposure time of 200ms. The dose rate received by the detector

was 8 e’/pixel/s generating a total dose of 38 ¢/A* for each movie.
2.4.3 Image processing

Relative motion between the frames within a movie was corrected using MotionCorr (44) that
had been modified by Wen Jiang at Purdue University. Contrast transfer function (CTF) estimation
was calculated with CTFFIND3 (45). Semi-auto particle boxing was carried out using the program
e2boxer.py in the EMAN2 package (46). A total of 9,120 particles were found and confirmed by
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visual inspection. A subsequent 2D classification was calculated by RELION (47) with a 400 A
diameter mask. A total of 7,395 particles were selected. Hereafter the dataset was randomly
divided into two half subsets. The two subsets were then independently refined against randomly
generated initial models using the jspr package (34) assuming icosahedral symmetry. Parameters
including orientation, center, defocus, astigmatism, scale, beam tilt and magnification anisotropy
were refined for each of the particles through multiple iterations until convergence was reached.
The Fourier shell coefficient (FSC) was calculated between the resulting maps of the two subsets.
The resolution was 3.22 A according to the 0.143 criterion (48). Then the subsets were combined

to generate a final map. The map was then low-pass filtered to 3.2 A.
2.4.4 Model building and refinement

The previously determined structure of VP2 was fitted into the cryo-EM electron potential
density (17). Further modeling was done using Coot (49). For the Fab molecule, the variable region
from another IgG molecule (PDB: 5thb) was first fitted into the density. If a specific residue did
not agree with the density, it was replaced by alanine. Most residues of the sequence could fit
easily into the density except for the region around CDRH3. The CDRH3 loop of 860-55D consists
of 17 amino acids (between C92 and W110) whereas the template structure (PDB 5thb) has 19
amino acids. Residues 73-88 and 96-106 were changed to alanines in Coot. The models for the
capsid and the Fab molecule were combined and refined together in real space using Phenix (50).
The icosahedral symmetry was then applied to the model of one VP2-Fab complex to generate the
entire capsid. Finally, the entire capsid-Fab complex was refined to reduce clashing and to
maximize correlation with the experimental electron potential density using Phenix with NCS
restraints. To evaluate the overall agreement between the model and the electron potential density,
a map was calculated based on the model. The FSC curve was then calculated between the model

map and the original cryo-EM map.
2.4.5 Data deposition

The final map, two half maps and the FSC xml file have been deposited with the Electron
Microscopy Data Bank (EMDB) under session code EMD-9110. The coordinates of one VP2-Fab
complex has been deposited as PDB-6MF7.
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CHAPTER 3 A STRUCTURAL STUDY ON THE INTERACTION
BETWEEN RHINOVIRUS-C AND ITS RECEPTOR

3.1 Chapter Abstract

Rhinovirus C (RV-C) is a picornavirus, which was discovered in 2006 and has been associated
with childhood asthmas. In a genome wide association study (GWAS), a single nucleotide
mutation in cadherin related family member 3 (CDHR3) was identified to have significant impact
on the chance that a child is hospitalized because of asthma exacerbation. Further studies suggested
that CDHR3 serves as a cellular receptor for RV-C. This single nucleotide polymorphism
influences the localization of CDHR3 and therefore alters an individual’s susceptibility to RV-C
infection.

To understand the interaction between RV-C and CDHR3, we have determined the structure
of RV-C complexed with the extracellular cadherin-like domain 1-3 (EC1-3) of CDHR3 using
cryo-EM single particle reconstruction. The initial map of the complex was at a resolution of 3.9
A. Using 3D classification, RV-C particles with more bound receptors were selected. After
refinements using these selected particles, a final map with prominent density for CDHR3 at a
resolution of 5.1 A was achieved. The structure showed that the EC1 of CDHR3 binds to VP3 and
VP2 close to the 3-fold axes on the surface of RV-C.

3.2 Introduction

Rhinoviruses are a group of single stranded RNA viruses that belong to Picornaviridae.
Similar to other picornaviruses, rhinoviruses have small, non-enveloped, icosahedral capsids with
diameters of approximately 300 A.

Rhinoviruses cause common colds and are among the most widespread human pathogens.
The first crystallographic structure of a picornavirus, which is also the first of an animal virus, was
determined for human rhinovirus 14 (HRV14) in 1985 (1). Structures of many picornaviruses have
since been determined by either X-ray crystallography (2—4) or cryo-EM.

Rhinoviruses (RVs) can be further divided into three groups: RV-A, RV-B and the newly
identified RV-C (5, 6). RV-C has been shown to be related to some respiratory diseases, especially

the severe exacerbations of asthma in children (7-10).
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The structure of RV-C (strain 15) has recently been determined by cryo-EM (Figure 3.1) (11).
RV-C adopts an overall similar architecture to RV-A and RV-B. Three capsid proteins, VP1, VP2
and VP3 form a quasi T=3 icosahedral shell, with a fourth minor protein VP4 located on the inner
surface. There is a plateau around each 5-fold vertex which is surrounded by depressions known
as the “canyon”. The structure of RV-C differs from other rhinoviruses primarily in two aspects.
The surface of RV-C is spiky with finger-like extrusions between VP1 and VP2. This “finger”
region is highly antigenic. The hydrophobic pocket, which exists in the VP1 proteins under the
floor of the “canyon” in most of other rhinoviruses, is collapsed in RV-C and cannot accommodate

any “pocket factor” (a short lipid).

AT —4810 1500 1520 =570

Figure 3.1 The cryo-EM structure of RV-C.
A. A comparison between the structures of HRV-B14 (PDB-4RHYV, left) and RV-C (PDB-5K0U,
right). The surface rendered representations are shown for the low-pass filtered maps. The surface
is colored by distance to the center. B. VP1 (blue), VP2 (green), and VP3 (red) within an
asymmetric unit are shown. The hydrophobic pocket, which is commonly present in VP1 under
the canyon floor, is collapsed in RV-C (the collapsed volume is colored in gold). (Reprinted from
ref. 11)

The major class of rhinoviruses use the intercellular adhesion molecule 1 (ICAM-1) as their
receptor (12, 13), and the minor group uses the low-density lipoprotein receptor (LDLR) as the
receptor (14). However, neither ICAM-1 nor LDLR are used by RV-C. In a genome wide
association study (GWAS) on childhood asthma exacerbations, cadherin-related family member 3
(CDHR3) was identified as a susceptibility gene (15). CDHR3 was later shown to act as a receptor

for RV-C and therefore mediates asthma exacerbations caused by RV-C infections (16).
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Cadherins are a class of glycoproteins located on the surface of cells that contain multiple
repeats of extracellular cadherin-like (EC) domains (17-20). An EC domain has about 110 amino
acids and has a B-strand-based fold that resembles immunoglobulin domains. Cadherin is a large
superfamily of cell surface receptors and plays an important role in cell-to-cell recognition and
adhesion. CDHR3 is a cadherin-like membrane protein expressed mainly in lungs and airway
epithelium. CDHR3 consists of a small cytoplasmic domain, a single transmembrane helix and six
tandemly connected extracellular cadherin-like domains. The single amino acid mutation
identified in the GWAS (C529 to Y529) occurs in the fifth extracellular domain and shifts the
localization of CDHR3 towards the cellular surface (Figure 3.2).

Human Cadherin-Related Family Member 3
N N Cs29Y N
FLAG W7|6 196 257 529 624 ™ oo
- 1 X 2 X 3 )¢ [} X 5 X ]
I [ [ | [ [ )-p |
123 136 237 346 462 567 714 885

Control ~ CDHR3-C,,, CDHR3-Y,,,

Figure 3.2 CDHR3 as a receptor of RV-C.
A. The organization of human CDHR3 construct used in the study. B. Infectivity of RV-C in HeLa
cells expressing CDHR3“** (upper) or CDHR3"* (lower) indicated by GFP expression. C. The
localizations of CDHR3 in HeLa cells. (Reprinted from ref. 16)

cytoplasm

surface

Initially, it was shown that EC1 and EC2 were necessary for the binding between CDHR3 and
RV-C (figure 3.3B) in immunoprecipitation assays. However, when Watters et al. used
recombinant CDHR3 proteins expressed in E. coli, EC1+3 (A2) also showed binding affinity with
RV-C viruses (figure 3.3C). It appeared that EC2 helps the correct folding of EC1 in HeLa cells
and only EC1 is necessary for the binding.
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Figure 3.3 The binding between RV-C and different constructs of CDHR3.
A. A cartoon showing the domain organization of different forms of CDHR3 constructs. B. The
binding between different domains of CDHR3 to RV-C assayed by immunoprecipitation in HeLa
cell lysates. C. The binding between RV-C and different CDHR3 proteins refolded from E. coli
inclusion bodies. (Unpublished data, figures provided by Ann C. Palmenberg and Kelly Watters.)

To investigate the binding between RV-C and CDHR3, we have determined the structure of
RV-C complexed with the extracellular cadherin domains (EC1-3) of CDHR3. Although the
densities of the receptors were poorer compared to that of the capsid, EC1 was clearly visible and
seen to be interacting with RV-C in the region between the “fingers” and the 3-fold vertices. The
following fitting results suggested that a potential receptor binding site is formed by a cleft in VP3
and the BC and the HI loops of VP2.

3.3 Results and Discussions
3.3.1 The cryo-EM structure of the complex of RV-C and CDHR3.

To characterize the receptor binding of RV-C, three N-terminal extracellular cadherin-like
(EC1-3) domains of human CDHR3 were expressed and purified. Purified RV-C (strain 15a)
virions from CDHR3-expressing HeLa cells were mixed with EC1-3 proteins at a molecular ratio
of approximately 1:20 (20 receptors per VP1-4 protomer) to achieve a better occupancy. The
structure of the complex was then studied by cryo-EM single particle analysis.

A total of 3570 images were collected and 23,826 particles were boxed. After two rounds of
2D classifications using the program RELION (21), 19,876 particles were selected for 3D
refinement. The structure of the native full RV-C virion (EMD-8189) was low-pass filtered and
was used as the initial model. Using the jspr (22) software package, the icosahedral reconstruction

of the complexes was refined to 3.9 A resolution when all the particles were used.
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In this initial cryo-EM map of the receptor bound RV-C, additional densities were found close
to the 3-fold axes compared to the map of the native RV-C (EMD-8189) (figure 3.4A&B).
However, these densities, potentially representing part of the bound EC1-3, were not as easily
interpretable as the RV-C capsid proteins. The average density height of theses CDHR3 densities
was only about one fifth of the capsid density and the connectivity was poor. This was potentially
caused by both a low occupancy and additional flexibility due to the other two domains (EC2-3)

that could move around freely.

A B C

Figure 3.4 A comparison of the densities adjacent to a 3-fold vertex on RV-C.
Native RV-C (EMd-8189) (A), an initial reconstruction of the RV-C complex with CDHR3 EC1-
3 (B) and a reconstruction using only one class (C) are shown as surface rendered maps, with a 3-
fold axis perpendicular to the plane of image.

A 3D classification process that was focused in the receptor region was then performed to
select particles that had more bound receptors (figure 3.5). A minor class with about 5,000 particles
had stronger density for CDHR3 than did the other classes (figure 3.5D) and was kept for further
3D refinement (Figure 3.5E). The resulting map using these particles has an improved density of
CDHR3 (figure 3.4C) and has 5.1 A resolution. This map, with 5,000 selected particles, was used
for the structural analysis of the interaction between RV-C and CDHR3 ECI.
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Figure 3.5 Masked 3D classification to improve quality of the density for CDHR3.
Sections of electron density maps along a 5-fold axis are shown. A. The reconstruction with all
particles selected after 2D classification. B&D. Masked maps after 3D classification without
updating orientations. One of the classes had significantly stronger density for CDHR3. C&E.
Reconstructions of each class after refinement.

3.3.2 Interpretation of the complex structure

The structure of RV-C when complexed with CDHR3 is very similar to the native virion (11),
with 60 copies of VP1-VP4 (no VP4 in emptied particles) forming an icosahedral shell. Extra

densities can be found between the “fingers” and close to the 3-fold axes (Figure 3.6).
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Figure 3.6 The structure of RV-C complexed with CDHR3.
A. A surface rendered cryo-EM map of the complex with the 2-fold axis perpendicular to the plane
of the figure. The surface is colored by radius. (Blue: >160 A; cyan: 140-150 A; green: 120-140
A; yellow: 110-120 A) The black triangle outlines one asymmetric unit. B. The difference map
between the complex and RV-C alone (EMD-8189). The difference density (cyan) is superimposed
with the model of full RV-C capsid (PDB-5K0U; blue: VP1; green: VP2; red: VP3).

A difference map was calculated by subtracting the capsid densities (EMD-8189) from the
map of the RV-C and CDHR3 complex. Both maps had been low-pass filtered to 5 A prior to the
subtraction. The remaining densities are sixty symmetrical equivalent blobs on the surface of RV-
C capsid, about 150 A from the center of the virus. Each of these density blob has the size and
shape corresponding to one cadherin-like domain. A predictive model of EC1 of human CDHR3
(16) was fitted into the density using EMfit (23) (Figure 3.7). Although the orientation of bound
ECI1 could not be accurately determined, the results of EMfit showed that the C-terminus of EC1
was pointed at the 2-fold axes. The residual density at the N-terminus agreed well with the fact
that the EC1-3 construct used for structural determination had a flag peptide (DYKDDDDK)
tagged to the N-terminus of the protein.
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Figure 3.7 The fitting of a predicted model of CRHR3 ECI into the difference map with the N-
terminus oriented toward the 3-fold axis.

The triangle shows the relative position of the protomer inside an asymmetric unit. A predicted
model of human CDHR3 EC1 (magenta) is placed into the difference density (cyan).

3.3.3. The receptor binding site on RV-C

A “roadmap” was calculated to show the footprint of EC1 on the surface of RV-C (Figure
3.8). Different from other picornaviruses which bind to ICAM-1 (e.g. HRV 14, coxsackievirus A),
CD155 (e.g. poliovirus-1) or CAR (e.g. coxsackievirus B) through the “canyon” around the 5-fold
axes (24-28), RV-C binds to CDHR3 through a hydrophobic cleft formed by VP3 and VP2 close
to the 3-fold axes (Figure 3.9). The B-strands B (70-ITVT-73) and I (203-GTG-205) of VP3
compose the floor and the loop insertions AB (E61), BC (74-KKT-76, E79) and HI (G202) of VP3
form the edges of the cleft. The loop insertions BC (72-QVG-74) and HI (233-LRP-235) of VP2
bind to the N-terminus of EC1. The carboxyl end of VP1 (274-PLI-276) is within the vicinity of
the C-terminus of EC1 and may also contribute to the interaction. The amino acids that may

participate in the receptor binding are summarized in table 3.1.
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Among these residues, K74 and K75 of VP3, 75S, 233L and 234R of VP2 are conserved in

different RV-C strains, but not in rhinoviruses A or B. It is anticipated that these residues play

more important roles in the recognition of CDHR3.
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Figure 3.8 The foot print of CDHR3 on the surface of RV-C.
A “roadmap” shows the surface of RV-C within one asymmetric unit (black triangle), colored by
distance (A) to the center of the virus. The numbers on the side represent the angles of the
corresponded spot on the surface relative to the 2-fold axis (middle bottom) which is normal to the

plane of this page. The yellow contour lines represent the density of the difference map at a height
of 150 A.
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Figure 3.9 The receptor binding site of CDHR3 on RV-C.
A&B. A cleft formed by the B-strands and insertions of VP3 (A, red) and VP2 (B, green)
accommodates EC1 of CDHR3. Panel A and B have the same viewing angle with only VP3 (A)
or VP2 (B) shown. One of the blobs in the difference map, corresponding to one EC1 molecule, is
colored in grey. C. A side view (A&B rotated by 90°) of EC1 bound to one RV-C protomer (VP1:
blue, VP2: green, VP3: red, VP4: magenta).

Table 3.1 RV-C residues that are potentially involved in the binding CDHR3.

VP1 L275, A278
VP2 V73, G74,S75; L233, R234, P235
VP3 Q59, G60, E61; K74, K75, T76, E79, R80; G202, G203, T204

These results suggest that RV-C adopts a receptor binding strategy that is different from other
rhinoviruses. A cleft formed mainly by VP3 and two loop insertions in VP2 (BC and HI) together
form the receptor binding site on the surface of RV-C and binds to the N-terminal domain, EC1,
of CDHR3. Similar to all cadherin-like proteins, the correct folding of CDHR3 depends on calcium
ions that bind to the interface between the cadherin-like extracellular domains. The position 529
is located between EC5 and EC6 and is involved in Ca®* binding. The replacement of this tyrosine
by cysteine causes the misfolding and recycling of CDHR3. The transition of the tyrosine at
position 529 to cysteine is probably a strategy that humans have developed during evolution to
defend against RV-C.

EC1 has a shape similar to an American football and binds to the viral surface with one side
of the football. If the extracellular domains of CDHR3 extend perpendicularly from the cell surface
as expected for other cadherins, the binding will cause a big change of the orientation of the

CDHR3 N-terminal domains. This may destabilize the conformation of the entire protein and
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trigger the endocytosis of the entire complex. Thus, RV-C is able to enter the cell upon attachment

and prepare for uncoating in endosomes.
3.4 Methods and Materials
3.4.1 Virus and protein preparation

The preparation of infectious RV-C particles was described in ref. 11. The cadherin-like
domain 1-3 (EC1-3) of human CDHR3 was prepared following a previously described protocol
(16).

3.4.2 Cryo-electron microscopy

Native RV-C virions (0.1 mg/ml) were mixed with excessive EC1-3 (5-8mg/ml) at a volume
ratio of 1:1 and then were incubated at 4°C overnight. Aliquots of 3 pl of the mixture were applied
onto glow-discharged lacey carbon grids (400 mesh copper, lot #200617, Ted Pella INC.). Then
the grids were blotted for 3 seconds and plunged into liquid ethane cooling by liquid nitrogen using
a CP3 plunger (Gatan). The girds were transferred to a Titan Krios (FEI) operated at 300 kV for
data collection. A total of 3570 movies were collected with 0.2s frames using a K2 summit
detector (Gatan, 3710 x 3838), at a dose rate of 8 e/s/pixel. The nominal magnification was 81000

and the corresponding pixel size was 1.73 A. The total dose for each movie was 32 ¢/ A”.
3.4.3 Image processing

Beam-induced motion within frames were corrected by Motioncor2 (29). Defocuses of the
motion corrected images were estimated using CTFFIND4 (30). A template matching particle
selection was done using FindEM (31) that is incorporated in the appion pipeline (32). A total of
23,826 particles were selected using two projections of a EM map of native RV-C as the template.
Two rounds of non-reference 2D classification were carried out with RELION/1.4 (21). Classes
that did not produce an average with RV-C features were discarded and 19,876 particles were left.
The dataset was hereafter divided into two half subsets to comply with the Gold standard resolution
evaluation. All 3D processing and refinements were performed using jspr (22) assuming
icosahedral symmetry. An initial refinement all the particles achieved a map at a resolution of 4.5

A which was later improved to 3.9 A with proper masking and weighting in 3D reconstructions.
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A focused 3D classification was performed subsequently to improve the density of CDHR3.
In each iteration of the classification, three different references were first multiplied by a 3D mask
and only the region of bound receptors was left. Then the particles were sorted using projection
matching without updating orientations, centers, scales, etc. Two major classes were achieved with
distinct occupancies of receptor binding. The class with a much stronger CDHR3 density has 5,178
particles. It is important to note that the classification was performed within each half dataset
independently. The resulting classes in each half were similar but had slightly different number of
particles. The further 3D refinement with these selected 5,178 particles led to a lower resolution

at 5.1 A but a better density of bound receptors.
3.4.4 Generation of the difference map and fitting

The map for native RV-C (11, EMD-8189) was low-pass filtered to 5 A. This filtered map was
then subtracted from the map of the receptor bound RV-C to obtain a difference map. The
subtraction was accomplished in chimera (33) using a scaling factor of 6.5 on the complex map.
The difference was then low-pass filtered to 6 A to facilitate structure interpretation.

The coordinates of a predicted model of EC1 of human CDHR3 were fitted into the 6 A
difference map using EMfit (23). A step size of 10° was used in the global angular search and local
searches were performed based on each of the top 5 fitting results in the global search (“climbing”
in EMfit). The best fitting after the local searches was not significantly better than the runner-ups
due to the lack of high resolution features of the difference map. The top three results returned all

had sumF values around 0.4.
3.5 Future plan

The study on RV-C’s interaction with CDHR3 is an ongoing project and more need to be
accomplished to address different aspects of the problem.

Cadbherins are a group of proteins on cell surface mediating cell-to-cell interactions (19). Both
cis- and trans- interactions exist between the first and second domains of cadherin extracellular
segment. This agrees with our observation using EM that EC1-3 of CDHR3 formed aggregations,
which certainly reduced the amount of protein that was capable of binding to RV-C particles.

To overcome the low occupancy caused by cadherin polymerization, more truncated forms of

CDHR3 were tested. EC1 and EC1-2 were expressed successfully and exhibited a better binding
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with RV-C virions. These two forms of proteins will be used for structural determinations aimed

at a better understanding of the receptor binding of RV-C.
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CHAPTER 4 THE PENETRATION OF BACTERIOPHAGE ®X174
THROUGH BACTERIAL CELL WALLS

4.1 Chapter Abstract

Unlike tailed bacteriophages which use a preformed tail for transporting their genomes into a
host bacterium, the ssDNA bacteriophage ®X174 is tail-less. Using cryo-electron microscopy and
time-resolved small angle x-ray scattering, we show that lipopolysaccharides (LPS) form bilayers
that interact with ®X174 at an icosahedral 5-fold vertex and induce the ssDNA genome ejection.
The structures of ®X174 complexed with LPS have been determined for the pre- and post ssDNA
ejection states. The ejection is initiated by the loss of the G protein spike that encounters the LPS,
followed by conformational changes of two polypeptide loops on the major capsid F proteins. One
of these loops mediates viral attachment and the other participates in making the 5-fold channel at

the vertex contacting the LPS.
4.2 Introduction

Tailed bacteriophages use their tail complexes for host cell recognition, adsorption and
penetration of bacterial cell walls (1-4). However, it remains unclear how tail-less phages like
®X 174 perform tail-associated functions. ®X174 is a small icosahedral, tail-less bacteriophage
with a maximum diameter of about 320 A. The capsid contains a 5.3 kb circular, single-stranded
DNA genome, which encodes four structural proteins: the capsid protein F, the spike protein G,
the genome associated protein J and the DNA pilot protein H. The ®X174 structure has T=1
icosahedral symmetry (figure 4.1A) (5), with 60 F proteins forming the capsid decorated by twelve

spikes on the vertices, each containing five G proteins (6).



71

Figure 4.1 The structures of ®X174 and its “tail”.

A. Surface rendered cryo-EM map of ®X174 colored by distance to the center (green: 120-135A,
cyan: 135-150A, blue: >150A). Twelve G spikes are mainly colored in blue. B. The structure of
the H tube. Ten coil-coil helices are assembled into a 170 A-long a-helical barrel. C. Tomographic
studies showing ®X174 in different states while infecting bacterial cells. A tubular structure
similar to the “H-tube” is seen penetrating through the host membranes. a-c. Slices of the
tomograms, showing phage particles that are infecting the mini cells. d-h. ®X174 particles in
different structural states during infection. i. A model of the “H-tube” penetrating across the
cellular wall of a host cell. (Panel B and C are reprinted from ref. 9 with permissions from Springer
Nature.)

The major capsid protein F consists of a “jelly roll” fold that has eight antiparallel @ strands
(B to I) and seven loop insertions. F proteins bind to G proteins through two of the longest
insertions, loop EF (His73-Pro234) and HI (Pro292-Gln401). The N-terminal portion of loop EF
forms a bulge on the surface of the capsid between the 5-fold and 2-fold axes. On one side of the

“bulge”, Tyrl58 interacts with the G protein whereas the other side of the “bulge” is mostly



72

exposed. The majority of known mutations affecting assembly are found in these two loops (7).
Overall the F proteins of homologous tail-less phages are highly conserved (8), with the exception
of these long loop insertions. Prior to or at the onset of infection, the H proteins assemble into a
tube that translocates the genome across the host cell wall (figure 4.1B&C) (9). However, the
trigger that initiates this process is unknown.

Due to their potential to trigger the DNA ejection in vitro, lipopolysaccharides (LPS) have
been used to study the mechanisms of infection of many tailed bacteriophages (2, 10). ®X174-like
viruses from Microviridae also use LPS as cellular receptors (11-15). LPS molecules are located
on the distal leaflet of the outer membrane of Gram-negative bacteria and consist of three major
components: hydrophobic lipid A tails, a hydrophilic polysaccharide core (R core), and repeating
O-antigenic polysaccharide chains (O-antigen). The oligosaccharide composition varies between
different bacterial strains. Both proteins G and H are known to interact with the LPS of suitable
hosts in a species-specific manner (12, 14). Mutations affecting host cell recognition and/or the
kinetics of DNA ejection have been isolated and found to be in genes F, G and H (16-18).

Here we show that the G and F proteins at one of the 5-fold vertices recognize and interact
with an LPS receptor to initiate DNA ejection. Infectious particles were incubated with LPS to
identify the structural changes that led to DNA ejection. In vitro, purified LPS molecules formed
membrane-like structures with two parallel layers to which ®X174 particles were attached. The
conformational changes of the ®X174 particles during this reaction were initially characterized by
small-angle X-ray scattering (SAXS). The structures of full and emptied ®X174, complexed with
these LPS bilayers, were then determined to about 10 A resolution by single particle cryo-electron
microscopy (cryo-EM). In both cases, one of the G spikes was missing and the virus was
interacting with LPS through the exposed EF loops on the F proteins. After the genome had been

ejected, the channel formed by the F proteins at the unique 5-fold axis remained open.
4.3 Results
4.3.1. ®X174 ejects its genome upon LPS treatment

The loss of infectivity was measured to assess the effectiveness of LPS to trigger a response
from the virion. After incubation at 33 °C for 20 minutes, the infectivity of the group containing

LPS derived from Salmonella typhimurium decreased by over 90% while that of the control group
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containing only buffer decreased by 30% (figure 4.2A). To evaluate the specificity of this reaction,
LPS from ®X174 insensitive E. coli strain was tested in a similar manner, but failed to reduce the
infectivity. In time course experiments, most of the infectivity was lost during the first 5 minutes
(figure 4.2B), which is consistent with in vivo studies (17, 19, 20). Both native and LPS-treated
®X 174 particles were examined by negative stain EM. This showed that over 90% of the particles
had lost their genomes after a 20-minute incubation with LPS (figure 4.2 C&D). These results
suggest that Salmonella typhimurium derived LPS triggers ®X174 genome ejection and could be

used in the subsequent structural studies.
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Figure 4.2 Ejection of the ®X174 genome during incubation with LPS.
A. Infectivity of ®X174 with a concentration of 109 PFU/ml after incubation with no or specified
LPS species. TV119 represents Salmonella typhimurium strain TV119 (Ra mutant), and K12
represent E. coli strain K12. B. Normalized infectivity sampled at different time points of the
reaction. C&D. Negative stained full infectious ®X174 before and after incubation with LPS,
respectively. Over 80 percent of the ®X174 had become emptied (white arrows).
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4.3.2. ®X174 particles lose their symmetry and sphericity during the reaction with LPS

SAXS was used to study the LPS-induced conformational response of ®X174 in solution.
Model structures aided in the interpretation of features reported by SAXS. For regularly shaped
particles with well-defined dimensions, such as full or empty phages, the scattering profiles display
a series of maxima and minima, whose positions are determined by particle structure (21).
Theoretical SAXS profiles for both types of particle are shown in figure 4.3A. Their differences
are characterized by two features: (1) reduced forward scattering intensity (I(q=0)) of the empty
particles relative to full particles, which reflects their lower mass, and (2) a shift towards lower
angles in the positions of the maxima and minima, which reflects an increase in radius of gyration
(Rg). Rg is determined by the mean distance between all pairs of the electrons in the sample and,
hence, is larger for the empty particles. Any loss of rotational symmetry affects the scattering
profile by decreasing the depth of the first minimum (without a change in position) as illustrated

in figure 4.3B.
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Figure 4.3 Time resolved SAXS data of ®X174 genome ejection.

A&B. Simulated SAXS profiles of empty capsid, capsid with DNA, and full capsid with
asymmetric addition. Panel A illustrates the impact, on the scattering profile, of increasing the
particle's radius of gyration. Panel B illustrates the impact of losing rotational symmetry, by
addition of a model projection at only one vertex. For this model scenario, the mass of the addition
is insufficient to significantly alter the overall radius of gyration, hence the peak position appears
unchanged. C. Experimental Time Resolved SAXS data showing the loss of symmetry and fullness
over time of the virion. D&E. Radius of gyration and depth of the first minimum as a function of
time. The dotted line represents the noise level in the SAXS data.

Scattering profiles for the full phage (acquired before the addition of LPS, t=0 data point) and
empty phages (acquired using degraded procapsids lacking DNA and the external scaffolding

protein) are shown in figure 4.3C. For time resolved data, LPS was manually mixed with ®X174
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at 4°C, which allows attachment but not ejection. The reactions were loaded into a temperature
controlled sample cell held at 33°C. SAXS profiles collected at various times during the reaction
show changes in the average size, mass, and symmetry of the phage particles. The first time
resolved profile, acquired 45 s after LPS addition, displays a loss of depth in the first minimum
and an increase in the intensity at a scattering angle of zero degrees, I(0). These changes indicate
a loss of symmetry and increase in particle mass, respectively, which is consistent with LPS
binding. Subsequent scattering profiles (acquired after 245 and 545 s) show a leftward shift and
increased first-minimum depth, indicating an increasing Rg and recovery of symmetry. I(0)
decreases below that of the initial t=0 state, reflecting a net loss of particle mass over the reaction’s
course. Time courses for the Rg and depth of the first minimum are shown in figure 4.3 D and E,
respectively. In summary, the SAXS data show an initial increase in particle mass and loss of
symmetry after LPS addition. Viral particles binding LPS at a single vertex would produce this
result. At later time points, particle symmetry increases while Rg and particle mass decrease, which

is consistent with genome ejection and phage release from the LPS bilayer.
4.3.3. Cryo-EM single particle reconstructions of ®X174-LPS complexes

Cryo-EM single particle analysis was performed to obtain greater structural detail regarding
the changes occurring upon LPS interaction. Purified ®X174 particles were mixed with LPS at
33°C for Imin before being frozen in vitreous ice. Most of the particles were found attached to
LPS bilayers by a single vertex (figure 4.4A, black arrows) but some seem to be attached by more
than one vertex (figure 4.4A, white arrow). The attached particles were “boxed” and subjected to
non-reference two-dimensional (2D) classification using the software package RELION (22).

Among the 10,000 selected particles, approximately 7,000 were empty while 2,400 still
contained DNA. Compared to the results of the infectivity assay at an equivalent time point, where
all particles were sampled, the percentage of emptied particles was much higher in LPS-complexed
®X174. This suggested that binding to LPS bilayers is crucial for DNA ejection. Full and emptied
particles were separately subjected to 3D analysis using RELION (22). A 5-fold rotational
symmetry was imposed during the processing. A masked 3D classification process in RELION
was used to select groups of moderately homogeneous particles (Materials and Methods).

Approximately 2,400 full particles went into the final reconstruction of full ®X174, attaining a
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final resolution of 10.2 A (figure 4.4B, left), whereas 2,500 particles were used to generate a 9.8
A resolution map of emptied ®X174 (figure 4.4B, right).

Figure 4.4 Cryo-EM single particle processing of ®X174 complexed with LPS.

A. (Top) A raw image of ®X174 incubated with LPS (Scale bar, 100 nm) with examples of
selected particles (red boxes) bound to LPS bilayers (black arrows). Some particles are attached to
bilayers at more than one vertex (white arrows). (Bottom) Examples of 2D classes generated by
RELION. Full and emptied particles were well separated. B. Reconstructions of ®X174
complexed with a LPS disk before (pink, full) and after (cyan, emptied) the ssDNA genome is
ejected. These two states of ®X174 have overall similar architectures, with differences in F
proteins at the ®X174 —LPS interface and the G protein spikes.

In both the 2D class averages and the 3D reconstructions, LPS is seen as a bilayered disk. The
thickness of each layer is about 25 A, separated by about 26 A. The higher electron density in each
of the bilayers is the consequence of the greater electron scattering power of the heavier phosphate
atoms (23). In both maps, there was no density at the interacting 5-fold vertex that would account
for the G spike, suggesting that the spike has dissociated from the rest of the capsid upon binding
to LPS. The absence of a G spike at the interface leaves the F protein pentamer anchoring the
virion on the LPS disk. The LPS disk is connected to ®X174 through five symmetry-related
positions at one of the 5-fold vertices of the virus.

A pentameric F complex, from the crystallographic structure of the virus (6), was then fitted
into the cryo-EM maps of the emptied and the full particles at the interacting vertex (figure 4.5A)
using EMfit (24). Both maps were low-pass filtered to 10 A resolution. The other vertex on the 5-



77

fold axis, opposite the bound LPS disk, was also fitted with the F pentamer to measure the
influence of LPS binding on the conformation of the F proteins. The average density at the atomic
positions of the fitted pentamer, sumF (24), was calculated based on only Ca atoms (Table 4.1).
The crystal structure fitted better into the EM map of the emptied ®X174 particles at the vertices
that had no contact with LPS. Thus, the binding of LPS had caused significant conformational
changes in the F proteins at the interacting vertex. Given that fitting into full ®X174 has a smaller
sumF value and the local resolution at the connecting region is lower compared to emptied ®X174,
it is reasonable to conclude that this conformational change is more significant in full ®X174

particles with bound LPS compared to emptied particles.

Figure 4.5 Fitting F pentamers into full (pink) and emptied (cyan) ®X174 when in contact with
LPS shows conformational changes at the 5-fold vertices.

A. Side view of fitting F pentamers into opposing vertices on the 5-fold aixs of the reconstruction
of emptied ®X174. B&C. Top views of the 5-fold vertices in contact with LPS after the density of
LPS has been removed from the maps. No density corresponds to the HI loops of the F proteins at
the vertex in contact with LPS in the emptied virus. An icosahedral asymmetric unit is outlined by
a triangle. D&E. Central slices of the maps parallel to the 5-fold axes. Crystal structure of ®X174
(PDB:2BPA) has been fitted (blue ribbon) to show the change in the 5-fold channel after the
genome has been ejected.
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Table 4.1 SumF values determined with the EMfit program when fitting the F pentamer into
different sites of the maps for the full and emptied particles.

Site being fitted with F pentamer Emptied Full
Vertex in contact with LPS 48 41
Vertex on the opposite side 65 59

A “roadmap” (25) that shows the residues of the F proteins present on the viral surface is given
here to indicate the position of the density that represents the virus-LPS contact region (figure 4.6).
The bulge formed by the EF loop of the F proteins was below the density linking the capsid and
the LPS disk. There are positively charged residues Lys118, Argl57 and Lys342 in the contact
region, which could form electrostatic interaction with the phosphate group of LPS, while Asn117
and GIn157 may form hydrogen bonds with the hydroxyl group of LPS. This is similar to a crystal
structure of a toll-like receptor molecule complex with LPS, in which multiple Lys, Arg , Gln and
hydrophobic residues of the receptor mediate the interaction (23).

A five-residue-long hydrophobic region was identified by aligning F proteins from
Microviridae members representing the three major evolutionary clades (figure 4.7). This region
is located on the “bulge” formed by the EF loop and buried under the surface of the virus. When
the G spike dissociates from the capsid, the interaction that has confined the conformation of the
EF loop no longer exists. Thus, this hydrophobic region has a potential to reorient and interact

with the lipid component of LPS.
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Figure 4.6 Residues on the F proteins that may be involved in the interaction with LPS.

A “bulge” (mainly colored in red) formed by the long loop insertion between BE and BF of the
capsid protein F is located underneath the density that connects the capsid to the LPS disk. A
roadmap representing the surface of F capsids within one asymmetric unit (black triangle), colored
by distance (A) to the center is shown. The numbers on the side represent the angles of the
corresponded spot on the surface relative to the 2-fold axis (black ellipse at middle bottom) which
is normal to the plane of this page. The contour lines show the density of the reconstructions that
is right above the capsid and connect it to the LPS disk (white: emptied, yellow: full). The residues
that are involved in the interaction with G proteins in native ®X174 are labeled with black five-
pointed stars. ®X174’s attachment to LPS seen in this study is closely related to the dissociation
of the G spike at the same vertex.
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101 111 151 341

phiX174 DHAAPLGTI K DDARY K
A A A AA A AA A A A AA

S13 DHAAPLGTI K DDARY K
St-1 DDAGYVGTI R DDSRY K
phiK DDAGYVGTI R DDSRY K
Alpha3 DHAGYVGTI R DDARY K
G4 DSAAYLGTI K EDYKW K

Figure 4.7 Sequence alignments of EF loops in the F proteins of homologues phages from
Microviridae.

A conserved hydrophobic region (magenta) was identified. There is also an overlap between
conserved residues (green) and residues that are sticking out on the surface of the “bulge”. These
residues may play important roles in the LPS binding.

A major difference between the reconstructions of full and emptied ®X174, both complexed
with LPS, lies at the channel along the 5-fold axis at the interacting vertex. The other long F protein
loop HI is located in this region. In the apo state, two gates separate the genome from the outside
environment at the 5-fold vertices. The first gate is the major spike protein G and residing 35 A
underneath the first gate, the second gate is formed by residues Gly252 to GIn260 of the major
capsid protein F. The diameter of the second gate is only about 4 A (6). In emptied ®X174, loop
252-260 is disordered and the “gate” is more open with a bigger diameter of 30 A (figure 4.8).
However, in the reconstruction of full ®X174 complexed with LPS, which likely represents an
intermediate in the genome delivery pathway, the “second gate” remains closed, keeping the
genome inside the capsid.

The extra electron density inside full ®X174 particles is not evenly distributed. A radial,
cylindrical cavity is found close to the vertex that interacts with the LPS, with a length of
approximately 110 A and a diameter of 80 A (figure 4.8). The dissociation of the G spike protein
pentamer and alterations in the structure of the F protein pentamer may result in the release of the
internal pressure. Consequently, the DNA in this region may be less condensed, which might be
the reason for the observed cavity in the reconstruction. Alternatively, a complex between the H
protein and the ssDNA genome may form in this region. Since protein has a smaller density than

DNA, the electron density in this volume might be somewhat lower.
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Figure 4.8 A close look at the differences between full (pink) and emptied (cyan) ®X174 around
the 5-fold axis.

Left: overlaid central slices of the reconstructions of full (pink) and emptied (cyan) ®X174 along
the 5-fold axis; right: a zoom-in view of the red window. Full ®X174 has an unevenly distributed
internal density which accounts for the genome and the H proteins. The cavity is very likely a
result of averaging less homogeneous structures.

The full ®X174 complexed with LPS described here is likely an intermediate during the
infection. It has undergone significant structural changes at the interacting vertex but still contains
the genome. The portion of ®X174 particles in this state was relatively low, suggesting that this
might be a metastable conformation of ®X174. The existence of this intermediate implies that
®X174 pauses transitorily after losing the G spike so that the ssDNA genome can be rearranged

for the subsequent ssDNA ejection.
4.3.4 ®X174’s interaction with LPS-containing liposomes

In an attempt to capture any intermediate state of ®X174 virion during DNA ejection, LPS
molecules were incorporate into multilamellar vesicles (MLVs) consisting of PC, PE and PG at
1:1:0.25. These LPS-containing MLVs were than mixed with native ®X174 for cryo-electron
tomographic study. Tilt series from -60° to 60° were collected in a dose symmetric way, the
alignment of each tilted image and the final reconstruction of tomographic volumes were carries
out in IMOD (26). ®X174 particles were observed to adsorb on the membrane bilayers of

liposomes in multiple structural states (figure 4.9).
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One of the issues accoutered was the reconstituted liposomes were very sensitive to radiation
damage. Initially the data was recorded at an angular step of 2°, but aerification due to radiation

damage was seen at high tilts. The step size between each tilt was then increased to 3°.

Figure 4.9 Cryo-ET of ®X174 interacting with LPS-containing liposomes.
Sections of the reconstructed electron tomograms with the z-axis (direction of incoming electron
beam) perpendicular to the plane of the image.

Due to the missing wedge, low SNR and imperfect stage tracking, the electron tomograms
were extremely noisy. To further characterize different structural states, 3D classifications and
sub-tomogram averaging were performed in DYNAMO (27). Two major classes, full and empty
particles, were identified. The sub-tomogram averages showed that ®X174 in both states are
binding to liposomes through one of the twelve 5-fold vertices, and the G spike at the interface is
missing. Besides full and empty particles that resemble those observed in single particle
reconstructions, a minor class consisting of only 84 sub-tomograms was identified, with a
continuous density extruding from the ®X174 capsid and penetrating the liposomal membranes

(figure 4.10C&F).
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Figure 4.10 Sub-tomogram averages of liposome-bound ®X174 particles.
A-C. Side views of sub-tomogram averages of full (pink), empty (cyan), and a minor class (purple)
®X174 particles associated with liposomal membranes. D-E. Side views of central slices of the
same averages. The structure of native ®X174 (PDB-2BPA) is fitted to show the relative position
of the F capsid proteins (green) and the G spike proteins (red).

4.4 Discussions

Our findings, combined with results from previous studies (9, 12—-14, 17, 19, 28, 29), suggest
a pathway for the ®X174 infection (Fig. 5). The initial contact with the host cell is made by one
of the twelve G protein spikes. This spike then dissociates from the capsid leaving a structurally
altered F protein pentamer to maintain viral attachment with LPS. When the G proteins dissociate
from the capsid, the F proteins on this vertex gain more conformational freedom, particularly the
EF and HI loops. The change in the “bulge” formed by the EF loop enables the formation of a
stable contact between the capsid and the host cell’s membrane. Meanwhile, the change in the HI
loop opens the gate at the special vertex, and prepares the virus for DNA translocation. At the same
time, changes in the conformations of the H proteins and the ssDNA presumably occur inside the

capsid to facilitate genome ejection through the vertex that is in contact with LPS.
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Figure 4.11 A proposed model for ®X174 DNA ejection.

A&B. Native ®X174 recognizes its host carrying specific LPS on the surface hypothetically
through one of the G spikes (red). C. The interaction destabilizes the G spike and causes its
dissociation, leaving the loops on the surface of F proteins (green) maintain the interaction with
the cellular wall of host. D. The dissociation of G proteins causes subsequent conformational
changes in the F proteins (green) and H proteins (purple). The F and H proteins cooperate in
translocating the genome (black) across the cellular wall of the host. E. The exit used by DNA
remains open after ejection. H proteins are ejected along with the genome. F proteins still interact
with the outer membrane.

In a crystallographic study, McKenna et al. found that the G proteins make minimal contact
with the capsid (6). Thus, it is likely that LPS can induce the dissociation of the G spike by
disrupting the interaction between the G spikes and the F proteins. A further question is how
®X174 penetrates the peptidoglycan and the inner membrane of the host after the dissociation of
the G proteins. A partial answer is that the H proteins may form a tube-like conduit that serves to
translocate the ssDNA genome (9, 30). It may be relevant that ®X174 particles congregate at
membrane adhesions sites, or Bayer’s patches, where the inner and outer membranes appear to
merge (31). Although the H-tube is not seen in this structure, we might expect that the H tube
would be right behind the G spike in contact with the LPS. But as long as the H tube is still mixed
up with the genome, we are unlikely to recognize it in any reconstruction as was suggested (9,
extended data figure 2). Furthermore, it is unknown whether the H proteins assemble into tubes at
the time of viral assembly or are assembled later during ejection. After the genome is injected, the
H-tube disappeared in the cytoplasmic space (9), and it has been shown that the H proteins are

transported inside the cell along with the genome (32). These results are confirmed by the



85

reconstruction of emptied ®X174 present in this study. No tubular structure is observed associated

with the emptied capsid.
4.5 Methods and Materials
4.5.1 Amplification and purification of ®X174

6-8 liters of E. coli C122 were grown in TK broth (1.0 % tryptone, 0.5% KCI) to 1.0 X 108
cells/ml at 37°C. Prior to infection at multiplicity of infection of 10-5, MgCI2 and CaCl2 were
added to respective concentrations of 10 mM and 5 mM. Infections were incubated for
approximately 5 hr until the clear majority of cells had lysed. Cultures were refrigerated overnight
to allow phage to attach to cell debris, which was concentrated by centrifugation. The resulting
pellet was resuspended in 32 ml of 50 mM Na2B407/3.0 mM EDTA, and shaken at 4°C overnight
to elute attached particles. Debris was removed by centrifugation, and the supernatant was layered
atop CsCl gradients made in 50 mM Na2B40O7 /3.0 mM EDTA and spun as previously described
(33). Virion bands were pulled and dialyzed against 100 mM NaCl, 5.0 mM EDTA, 6.4 mM
Na2HPO4, 3.3 mM KH2PO4 (pH 7.0), and concentrated down to 0.8 ml. 0.2 ml were loaded atop
a 5-30% sucrose (w/v) gradient made in 100 mM NacCl, 5.0 mM EDTA, 6.4 mM Na2HPO4, 3.3
mM KH2PO4 (pH 7.0) and spun at 192,000 x g for 1 hour. Gradients were divided into
approximately forty 125 pl fractions and analyzed by UV spectroscopy (OD280).

4.5.2 ®X174 DNA ejection assay.

Concentrated ®X174 in 0.06 M NH4C1/0.09 M NaCl/ 0.1 M KC1/0.1 M Tris-HCI (pH 7.4)
/1.0 mM MgSO; / 1.0 mM CaCl, was mixed with 5mg/ml stock LPS dissolved in Tris-HCI
(pHS.0) buffer to achieve desired concentrations. CaCl, was added to a concentration of 5.0 mM.
®X174 and Tris-HCI buffer without LPS was used as the negative control. The final concentration
of ®X174 was about 108-109 pfu/ml. The mixtures including the negative control were then kept
at 33°C for 20 min. After 1, 3, 5, 8, 12 or 20 minutes, the mixtures that contained LPS were diluted
into 3.0 mM EDTA to terminate the DNA ejection of the particles. Diluted samples were tittered
as previously described (33). The dilution procedure was optimized for each batch of sample so
that the number of plaque on a plate was between 10 and 500. The plaque counts of three replicates

were averaged for each condition to establish the relative infectivity.
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4.5.3 Small-angle X-ray Scattering

SAXS data were collected using 11.18 keV X-rays at the Cornell High Energy Synchrotron
Source G1 station. Scattering profiles (0.006-0.26 A-1) were collected with a sample-to-detector
distance of 2.05 m (measured using an Ag-Behenate standard) onto a PILATUS 200K (Dectris)
detector. SAXS profiles were normalized using the transmitted beam through a semi-transparent
molybdenum beamstop. All samples were oscillated during data collection to reduce the effects of
radiation damage inside a quartz capillary (2 mm diameter, 10 um walls, Hampton Research)
mounted in a custom-built temperature-controlled holder. Multiple 10 s exposures were acquired
and averaged to improve the signal-to-noise ratio. All SAXS images were analyzed using
MATLAB (MathWorks). Scattering profiles were azimuthally averaged about the beam center.
Buffer scattering was measured before and after each sample and averaged before being subtracted
from the sample scattering. For time-resolved experiments, profiles are shown at the indicated time
after the addition of LPS to the sample. Sample conditions examined: 30 uL samples at 0.05-0.1
mg/mL ®X174, 0.15 mg/mL LPS, 0.06 M NH4CI2, 0.09 M NaCl, 0.1 M KCI, 1 mM MgS04, 1
mM CaCl2, 0.1 M Tris-HCI pH 7.4 at 33°C. The same trends were observed but with faster rates
at elevated temperatures (37°C) and slower rates with lower LPS concentrations (0.01 and 0.05

mg/mL).
4.5.4 Cryo-Electron Microscopy

Cryoplunge 3 system was used to prepare the cryo samples. 5 ul of purified ®X174 at 10"
PFU/ml was incubated with 1 pl of 1 mg/ml LPS from Salmonella enterica TV119 (Sigma-
Aldrich) at 33°C for 1 minute. Aliquots of 3 pl of the mixture were loaded onto lacey carbon grids
(400 mesh; Ted Pella Inc.). The grids were blotted by filter paper for 5 seconds and plunged into
liquid ethane for cryo-EM inspection. Forty consecutive frames of ®X174 reacting with LPS
embedded in vitreous ice were recorded using a Titan Krios TEM (FEI) operated at 300 kV and
equipped with a Gatan K2 Summit direct electron detector (3,838%3,710). All of the frames were
collected automatically in counting mode using Leginon (34) at a magnification of 18,000 and

with a defocus range of 1 to 3 um, which generated a pixel size of 1.62 A per pixel.
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4.5.5 Image Processing

A total of 2908 frame stacks were collected. Beam induced motion was corrected by
realigning the frames within one stack using the program MotionCorr (35). The version of
MotionCorr that was used here had been modified by Prof. Wen Jiang to take three consecutive
frames instead of one to calculate the correlation coefficient. CTF values were estimated for each
motion-corrected image using CTFFIND3 (36). From the 2908 images, 11,845 particles were
manually selected using e2boxer.py in the EMAN?2 package (37). The particle images were 2x
binned and subjected to non-reference 2D classification using RELION (22). Subsequently the
particles in the classes that failed to generate a good average projection of ®X174 were discarded,
leaving 7002 emptied particles and 2384 full particles. Two rounds of masked 3D classifications
were then used (Fig. S3) to select particles more homogeneous in the region where the LPS disk
is connected to ®X174. This mask was generated using the program Chimera (38) and
relion_mask create from RELION to identify the region of interest. The 3D classification and
subsequent refinement were done in RELION. The initial model was generated using jspr (39)
from a smaller dataset containing 800 particles. The initial model used for that reconstruction was
a 50 A low-passed-filtered map of native icosahedral ®X174.

For the reconstruction of emptied ®X174, after 2 rounds of 3D classification a subset of 4226
particles was selected and a map at 8.9 A resolution was achieved. If all 7025 particles from 2D
classification were used, the final resolution would be 8.2 A, but with less continuous density in
the stem region. This suggests that the stem region is more flexible and heterogeneous. However,
3D classification did not help improve the map of full ®X174, probably due to the smaller number
of particles to start with. All 2384 full particles selected based on 2D classification were used for
the final reconstruction, which generated a map with a resolution of 10.2 A judged by the “Gold
Standard” criterion. The maps of the full and emptied particles have been deposited with the
EMDB accession numbers EMD-8862 and EMD-7033, respectively.

4.5.6. Fitting of the pentameric F protein crystal structure into the EM maps.

One F protein pentamer was selected from the crystal structure of the whole virus (PDB:2bpa).
The cryo-EM maps of full and emptied ®X174 were both low-passed to 10 A resolution. EMfit

(24) was then used to fit the pentamer into different vertices of these low-passes maps. SumF
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values (a measurement of quality of the fit) were calculated based on only the Ca atoms. The

coordinates of the fitted pentamer have been deposited to Protein Data Bank.
4.5.7 The preparation of LPS- containing liposomes.

The protocol for incorporating LPS into liposomes was modified based on a previously
described “dry method” (40). Mixture of 5 mg DOPC, 5 mg DOPE and 1.25 mg DOPG (Avanti
Polar Lipids) was dried and exposed to high vacuum for 4 hours to remove any residual
chloroform. Under nitrogen stream, 0.5ml lipopolysaccharides (Sigma-Aldrich, L6016) from
Salmonella enterica at 5 mg/ml (20 mM Tris-HCI, pH 8.0) was used to resuspend the
phospholipids. Three cycles of freezing and thawing of the solution in liquid nitrogen was
performed. The solution was then placed in a speed vacuum overnight to remove water. Dried
mixture was resuspended again and vertexed at 50°C. Then the solution was sonicated in water

bath for 15 minutes.
4.5.8 Cryo-electron tomography

Purified ®X174 virions (10'> PFU) were mixed with same volume of LPS-containing MLV
prior to freezing, with 10 nm gold fiducials added. Grids were vitrified immediately (within 2
minutes) as described in section 4.5.4 using C-flat holey carbon grids (Electron Microscopy
Sciences, CF-2/2-4C).

Tilt series from -60° to +60° were collected using a Titan Krios microscope (FEI) operated at
300 kV onto a K2 summit detector (Gatan) with an angular step size of 3° and a defocus of -3 pm.
Automated data collection was realized by SerialEM (41). The nominal magnification was 11000
and the pixel size was 1.3 A. The dose rate used was 8 e-/pixel/s, and 10 of 150 ms frames were
collected for each tilt image. The total dose of an entire tomogram series was about 71 ¢/ A,

Motion correction was performed for the frames within one tilt by motioncor2 (35). The tilt
series were aligned using the gold fiducial markers and a total of 18 tomographic volumes were

reconstructed using IMOD (26).
4.5.9. Sub-tomogram extraction and averaging

Liposomes-bound ®X174 particles were selected and sub-tomogram volumes were cropped

using DYNAMO (27). The average of eight manually aligned particles was used as an initial model
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and all sub-tomograms were aligned. The aligned volumes were classified using a PCA (principle
component analysis) based algorithm that was available in DYNAMO. Angular refinements were
performed within each of the classes and averages were calculated. The maps were then inverted

and low-pass filtered to 20 A for structural interpretation.
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