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Abstract

Electron cryo-microscopy has become a routine technique to determine structure of biochemically
purified herpes simplex virus capsid particles. This chapter describes the procedures of specimen
preparation by cryopreservation; low dose and low temperature imaging in an electron cryo-
microscope; and data processing for reconstruction. This methodology has yielded subnanometer
resolution structures of the icosahedral capsid shell where alpha helices and beta sheets of
individual subunits can be recognized. A relaxation of the symmetry in the reconstruction steps
allows us to resolve the DNA packaging protein located at one of the 12 vertices in the capsid.
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1. Introduction

In this chapter we will discuss the preparation of frozen, hydrated herpes simplex virus type
I (HSV-1) embedded in vitreous ice. This technique, which is typical of electron cryo-
microscopy (cryo-EM), relies on achieving a frozen hydrated state, which preserves the
sample in its solution environment. This sample preparation and imaging modality has been
used to study the 3-dimensional (3D) structure of HSV-1 in great detail, resolving the
organization of the infectious virion (1) (Figure 1A) and biochemically isolated capsid shell
(2) (Figure 1B) as well as the structure of the machinery necessary for loading dsSDNA into
the virus (i.e. the portal) (3) (Figure 1C). Electron Cryo-Tomography (cryo-ET) has also
been used to image infectious HSV-1 virions, revealing an unexpected tail-like feature in the
pleomorphic tegument layer associated with the portal complex (4) (Figure 1D). The
methods discussed within, while specifically tailored to HSV-1, are generally applicable to
other specimens and require only moderate modifications to optimize for other biological
systems.
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2. Materials

There are many materials are commonly used for the purposes of cryo-EM and cryo-ET of
icosahedral viruses. The items listed in the subsequent sections are available from many

vendors and are not generally specialized to the field of cryo-EM.

2.1 Herpes Simplex Virus type |

2.3 Electron

Depending upon the focus of the study, the investigator must decide whether to purify
capsids, whole virions, or work with unpurified sample. The specifics of virus purification
are not detailed within this chapter, and have been well reviewed in the past (5). The
preferred concentration of the virus sample is ~100 particles/ml which enhances the data
collection efficiency. While it is not a requirement to have a 99% pure particle sample, the
presence of heterogeneity would increase the computational complexity in deriving the final
3D structure.

Microscopy Grids

Electron microscopy grids, which are 3.05 mm in diameter, are the medium on which a
sample is frozen prior to imaging in an electron cryo-microscope (Figure 2). The EM grid
contains a metal meshwork on which a thin holey carbon film (also known as a support film)
is placed. This film acts as a substrate for the sample and contains holes, in which the ice-
embedded virus particles are suspended in random orientations. The physical characteristics
of a grid (i.e. mesh size, hole size, support material) are typically optimized on a per-project
basis. The mesh size is the number of bars per inch, and the hole size is the diameter of each
hole in the support film (typically in um). Grids are also available in a variety of materials
(e.g. copper, molybdenum, gold, etc.), the choice of which material to choose depends on
the project. Copper is most often the choice for single-particle cryo-EM sample preparation
due to a lower cost per-grid. However, copper grids can be toxic to some specimens and do
not permit cell cultures, necessitating alternative grid materials (e.g. gold) for these specific
applications.

2.3 Sample Vitrification Apparatus

One of the most important steps in cryo-EM is vitrification of the sample via plunge
freezing. The most common method for sample vitrification requires freezing the sample in
a thin layer of ice on an electron microscopy grid (6, 7). Vitrification is a process whereby a
sample is frozen at a rapid rate such that crystalline ice does not form. Typically, when
frozen at a slow rate, water will form a hexagonal or cubic lattice, thus the sample may be
damaged and not fully embedded in the ice matrix causing loss in the sample’s structural
integrity (Figure 3). Since the formation of non-vitreous ice can damage the ultrastructural
elements of macromolecules, samples preserved by vitrification, make it possible to resolve
near-atomic features in the resulting 3D density map (for examples: (8-14)).

There are several commercially available semi-automated freezing devices from a variety of
vendors; Vitrobot (FEI), EM-GP™ (Leica), Cp3™ (Gatan). The primary advantage of these
devices is that by automating many of the steps of the grid freezing process there is a high
level of consistency in the frozen grids they produce. Many features like mechanical blotting
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and a humidified sample chamber make it possible to tightly control the ice thickness.
Furthermore, the grid-to-grid reproducibility achieved by the semi-automatic plunge
freezing devices streamlines the process of optimizing grid-freezing conditions for each
specimen.

2.4 Electron Cryo-microscope

The electron cryo-microscope is an extremely specialized tool that is available from just a
few vendors worldwide, with most installations either from JEOL (www.jeol.co.jp/en/) or
FEI (www.fei.com/). Apart from the specific companies that supply these pieces of
equipment, there are many basic concepts that define their applicability for resolving the
structure of viruses. Select features of these devices are outlined below.

1

Electron microscopes are typically defined by the accelerating voltage of the
electron. It typically ranges from 80 to 300kV. Higher voltage microscopes are
particularly useful for studying thicker specimens like the HSV-1 virion because of
its higher penetrating power (15).

The two most common electron sources are filament (e.g LaBg or Tungsten) and
field emission gun (FEG). FEGs have the advantage of improved spatial and
temporal coherence to preserve higher resolution signal even with highly defocused
images. Nevertheless, filament electron guns are still used for high-resolution data
collection and are a fraction of the cost of an FEG.

The specimen cryo-holder is what electron microscopy grids are loaded onto at
liquid nitrogen temperature before being inserted into the microscope. To keep the
specimen in a frozen-hydrated state while in the microscope, the cryo-specimen
holder must be maintained close to or below liquid nitrogen temperature (=170 C),
ensuring that the ice remains vitreous (7), and minimizes the damage from the
electron beam (16).

An energy filter is an optional component of an electron microscope that enhances
contrast in the recorded images (17, 18). Energy filters serve to reduce the
background noise of images by reducing the number of inelastically scattered
electrons that reach the detector, thus improving contrast.

A Zernike phase plate is a device placed in the focal plane of the objective lens of
an electron microscope (19) that increases image contrast by selectively phase
shifting only the electrons scattered by the sample (Figure 4). Phase plate
technology has slowly made a niche in cryo-EM for visualizing low contrast
macromolecular complexes (Figure 5)(3, 19, 20) and cells (21).

2.5 Electron Detection Device

The manner in which images from an electron microscope are recorded has a direct impact
on throughput and quality of the resulting 3D reconstructions. The three most common
media for electron detection are photographic film, charged coupled devices (CCDs), and
direct detection devices (DDDs). The biggest differences between these three media is that
CCDs and DDDs provide digital images that can be processed in real time, whereas film
must be removed from the microscope, developed, and scanned before the images can be
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processed computationally. It is clear that the DDD is the superior recording media, based
largely on the fact that the Detective Quantum Efficiency (DQE) for these devices is
dramatically higher than for other media (22-24). Another advantage of these detectors is
their high acquisition frame-rates (>30 frames per second), making it possible to align
individual frames prior to integrating them into a single image, thus minimizing any
specimen or stage movements (i.e. drift) that can occur during imaging.

Micrograph Repository

A single imaging session on the microscope can contain as many as 500 digital images, and
a single near atomic-resolution project can take a few days to weeks to complete data
collection, depending on the quality of the specimen grids and particle concentration. This
equates to terabytes of data per project, depending upon the detector used. Regardless of
what detector is used to acquire these, the electron micrographs should be stored in a
protected environment. Databases are available to store these images as well as archiving
pertinent image metadata (i.e. sample preparation information, freezing conditions, lens
parameters, etc.)(25, 26).

2.7 High-end Workstation

A final piece of hardware for 3D virus image reconstruction is a high-end graphics
workstation to process, visualize, and manipulate the electron density volume. The
visualization software packages mentioned in this review (e.g. Chimera (27), EMAN2 (28),
Amira) have been developed to work with many different operating systems.

3. Methods

Every aspect of sample preparation and image acquisition can have a dramatic impact on the
quality of the resulting 3D reconstruction. As data is pooled across multiple grid
preparations and imaging sessions prior to data processing, variability in how each of the
following steps is performed can affect these results.

3.1 Cryo-EM Virus Sample Preparation

For single particle virus reconstruction, it is highly desirable to have highly purified virus
sample and a high enough concentration to permit sufficient particle numbers for each image
frame. Ideally there should be enough particle separation to ensure that there are no
overlapping particles in the projection images characteristic of transmission electron
microscopy.

After purification of HSV-1 (Section 2.1) the virus pellet is stored in a buffer solution to
keep it stable. For cryo-EM it is advisable to avoid detergents and other chemicals such as
DMSO, sugars, glycerol, etc. Additionally, it is important to consider the temperature
dependence of pH in these buffer solutions. As such, phosphate buffered solution is an ideal
buffer solution as it has a relatively small change in pH across the nearly 200°C change in
temperature experienced during freezing (29).

Depending upon the sample, purification typically yields far more sample than is needed for
freezing. As only 2-3uL of sample is applied to each grid before freezing, it is likely that
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only a small portion of the purified virus will be used for a given reconstruction.
Preservation of the purified sample can either be short- or long-term. For HSV-1, capsids
can be stored at either 4°C or —81°C however the mature virion should always be stored at
4°C. It is important to note that immediately prior to freezing the sample on grids, the virus
should be thawed on ice.

3.2 Grid Preparation

Once the desired grid material, hole size, and hole distribution has been chosen, the grids
must be washed to remove any surface contamination prior to being used.

1. Cleaning grids: Remove grids from the storage box they are shipped in and place
them one-by-one into a small vial of acetone, making sure they are submerged.
Gently shake the vial periodically to make sure that grids do not stick to each other.
Allow grids to soak in acetone for up to 24 hours, making sure that the acetone
does not completely evaporate.

2. Washing grids: After the grids have soaked in acetone, wash the grids while they
are still in the vial using micron-filtered distilled water. As you fill the vial with
water, the grids will remain at the bottom of the vial, pour off the top layer of water
and repeat at least twice.

3. Drying grids: Place two pieces of filter paper in the bottom of a petri dish and pour
the contents of the vial onto the filter paper, washing the vial with micron-filtered
distilled water to ensure all grids are out of the vial. Using tweezers, carefully pick
up each grid and place them onto a separate dry piece of filter paper. Place the dry
filter paper with the grids on it in a clean petri dish, cover the petri dish, and place
under an incandescent lamp to dry.

3.3 Sample Vitrification

When freezing a sample it is important to plasma clean or glow discharge the grid prior to
the application of the sample, ensuring that the sample adheres well to the grid. The process
of freezing a grid is broken into three steps; sample application, sample blotting (one or two
sided), and plunge freezing (videos of this process, specific to each device, are available
from individual vendors). Please note that BSL-2 precautions should be taken while
handling infectious HSV-1 virions.

3.4 Grid Transfer to Microscope

The process of transferring a frozen hydrated sample grid from storage into the electron
microscope puts the sample at risk for contamination due to extreme differences in
temperature between the sample and environment. Furthermore, any moderate change in
grid temperature can cause regions of the frozen hydrated sample to undergo phase
transitions from vitreous to crystalline ice thus damaging the specimen. Grid transfer
stations are designed to facilitate specimen transfer from the grid storage button to the
sample cryo-holder in a cryo-protected environment. These transfer stations are typically
designed to accommodate a sample cryo-holder specific to the cryo-microscope.
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3.5 Microscope Alignment

Beyond good sample preparation technique, accurate microscope alignment is a necessity
for high-resolution cryo-EM. The alignment procedure includes aligning the gun, the beam
tilt, the condenser and objective lens, the apertures, the specimen height and the astigmatism
of the objective lens. The process of microscope alignment is performed on a top down
basis, starting with the electron source and moving down the microscope column. High-
resolution alignment of the electron microscope is best performed by an individual
specifically trained for the microscope, however new automation software in some
contemporary microscopes is making accurate alignment easier for the general user.

3.6 Data Collection for Single Particle Reconstruction

There are many factors that must be considered before embarking on imaging a virus for the
purposes of high-resolution reconstruction. First and foremost is the structural question at
hand and what resolution you need to address that question. While resolution may seem like
a linear goal, the amount of data required to achieve a specific resolution is inversely
proportional to the resolution desired (30). Accordingly, one should target their
reconstruction to the resolution they desire, 20 A for capsomere morphology, 12 A for
individual protein domains or components, 8 A for long a-helices and large B-sheets, 4.5 A
for short a-helices and p-sheets and possibly a C-alpha backbone trace, and <4.0 A for
individual bulky side chains.

1. Dose optimization: Total accumulated electron dose is important because it is
directly related to the signal-to-noise ratio (SNR) of the electron micrographs. The
higher the SNR, the easier it is to accurately align and reconstruct a 3D volume
from the raw data. Increasing dose has the cost of damaging the specimen, and
more than 25 e™/A2 has been shown to ablate high-resolution features for cryo-EM
data (16). For single particle data collection of HSV-1 capsids and virions, the dose
for a single image is typically set between 20 and 25 e7/A2, enough to get high-
resolution signal, but not enough to significantly damage the specimen.

2. Magnification selection: The magnification at which images are acquired should be
chosen so that the target resolution is approximately 4 times the sampling rate. This
process should also take into consideration the native pixel size and noise profile of
the detector (22). For example, if an 8 A resolution reconstruction is desired, the
magnification used should correspond to a sampling of approximately 2 A/pixel in
the micrograph. Care must be taken when choosing magnification, as choosing a
magnification higher than required, will unnecessarily increase the time need to
obtain the reconstruction at the target resolution.

3. Defocus selection: Images are often defocused to increase contrast, however this
method has the downside of reducing the high-resolution signals in an image (18).
For HSV-1, data collection with a defocus range of 0.5 to 2.5 um with 300 kV
electrons is optimal for initial model generation and high-resolution 3D
reconstruction.

4. Image acquisition: When recording images of frozen hydrated particles, it is
important to find optimal areas for data collection (i.e. good particle concentration
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and thin vitreous ice). As a single grid can have thousands of potential areas for
imaging it is important to search the grid without damaging the specimen with a
low electron dose rate. Some microscopes are equipped with software which
automates this complicated process to minimize beam damage (31-33).

Digital detection devices output standardized files for every image recorded by the device.
For all digital images, it is imperative they are stored with multiple redundant backups to
ensure that work is not lost due to hardware failures. EMEN2 is one database software that
is publicly available for data archiving and dissemination (25, 26).

3.8 Data Pre-processing

Before single-particle images can be reconstructed into a 3D volume, the individual images
must be preprocessed. Numerous programs are available to facilitate and automate these
processes (28, 34) which have been well reviewed recently and provide a comprehensive
background of both theory and application for virus reconstruction (35).

1

Screening for optimal images: Data acquisition for a single structural project can
consist of hundreds if not thousands of cryo-EM images. Prior to processing this
data for a reconstruction, it is important to exclude any images that may contain
aberrations (e.g drift, vibration, astigmatism). As not every aberration is readily
apparent from visual inspection of the raw image, it is important to inspect the
power spectrum (i.e. Fourier Transform) of the particle images where these
aberrations can be readily identified.

Boxing particles: The images that are aligned and reconstructed into a 3D density
map are of single particles obtained from boxing electron micrographs. EMAN and
EMANS2 are two such programs that are available to facilitate this process (28, 34).
One of the advantages of cryo-EM is the ability to visualize and selectively process
heterogeneous samples. It is important that when boxing particles from images,
every effort is taken to selectively box particles of the same type. In the case of
HSV-1, a biochemically purified capsid sample can still contain A-, B-, and C-
capsids (Figure 6), however through the process of boxing, these particles can be
digitally and visually separated prior to processing.

Image quality assessment: Images collected on an electron microscope are
modulated by the contrast transfer function (CTF)(36, 37). The CTF pattern is
indicative of the image quality and can be used to screen out poor quality images.
Determining the parameters of the CTF is necessary for proper image
reconstruction and is a well-established procedure in the cryo-EM field (18). The
CTF for a set of particles can be automatically fitted using either EMAN or
EMAN?2 (28, 34).

3.9 Image Reconstruction

The process of generating a 3D volume from a collection of 2D projection images is a
computationally intensive process of particle alignment, CTF correction, refinement, and
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reconstruction. The complexity of the reconstruction depends on the assumed symmetry of
the particles and the target resolution. Generally speaking, near-atomic resolution
reconstructions can require hundreds of thousands of CPU hours to complete in some
software (38). There are numerous software packages (e.g. SPIDER(39), EMAN (34),
IMIRIS (40), EMANZ2 (28), MPSA (41), FREALIGN (42), and jalign (43)) that are
available to process this data, and their application for processing viruses has been well
reviewed previously (35).

3.10 Single Particle Icosahedral Reconstruction

Icosahedral reconstructions assume a symmetrical arrangement of capsid proteins with 60
asymmetric units related to each other by 5, 3 and 2 fold symmetry operations. Each
asymmetric unit is composed of multiple proteins (e.g. 16 VVP5, 15 VP26, 10-11 VP23, 5-6
VP19C in HSV-1 capsid). Not all of the structural proteins in the HSV-1 virion are
organized with icosahedral symmetry whereas the capsid proteins are largely icosahedrally
arranged.

1. Initial model generation: The first step in a 3D reconstruction is generating an
initial model from scratch to avoid model bias in the final reconstruction. The
initial model should be produced from the raw data itself or just a smooth sphere to
avoid any model bias in the refinement process.

2. Particle alignment: The specific principles behind single particle alignment have
been thoroughly detailed previously (35). The two most common approaches for
single particle alignment are projection matching and cross common-line
correlation, both of which have been used for near-atomic resolution
reconstructions (8—-14). As the name suggests, projection matching processes
individual single particle images and builds class averages from similarly oriented
particles. Cross common-lines based particle alignment takes advantage of internal
icosahedral symmetry within the particle to align individual images to a model (41,
44, 45). In either case, a model generated from a few particle images or a randomly
generated sphere is used as an initial model for the particle alignment refinement.
Projection matching is more computationally intensive than cross common-lines,
and is independent of particle symmetry. Since HSV-1 capsid is a large icosahedral
virus (60-fold symmetric), the cross common-lines approach for particle alignment
is computationally efficient. During the particle refinement step, the images will be
corrected for the CTF effects. There are many reconstruction software packages
which can carry out all these steps such as SPIDER(39), EMAN (34), IMIRIS (40),
EMANZ2 (28), MPSA (41), FREALIGN (42), and jalign (43).

3. 3D reconstruction: A 3D density map is computed from the aligned and CTF
corrected particle images. Single particle reconstruction software packages(e.g.
SPIDER(39), EMAN (34), IMIRIS (40), EMANZ2 (28), MPSA (41), FREALIGN
(42), and jalign (43)) each have their own implementation of algorithms for model
generation and the implementation of these methods are described within the
tutorials for each of the software packages..
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3.11 Single Particle Reconstruction of Asymmetric Vertex Specific Proteins

Symmetry-free reconstruction is similar to section 3.10, with the exception that no
assumptions are made about the arrangement of asymmetric units (i.e. capsid proteins) with
respect to each other in the final reconstruction though the initial particle orientation is
determined with the icosahedral particle alignment step as described above. These
reconstructions are technically more challenging, but allow for the visualization of unique
features in the capsid shell that are not icosahedrally present in all asymmetric units (i.e.
only at one of the twelve vertices) (3, 4). The manner in which these two reconstruction
techniques differ is described below.

1. Initial model generation: Identical to icosahedral reconstruction to find the particle
orientation.

2. Symmetry-free particle alignment: When searching for a unique vertex in the
icosahedral capsid, one must differentiate one of the 12 vertices from the other 11.
Once this vertex has been identified, determining the correct rotational orientation
of the protein component in this pseudo 5-fold environment must then be made (3,
4, 46).

3. 3D reconstruction: Once the symmetry-free orientations have been determined, the
model is reconstructed without imposing icosahedral symmetry on the final
reconstruction.

3.12 3D Reconstruction Deposition

Once a 3D reconstruction of a virus has been produced, investigators are encouraged to
submit the 3D model to the Electron Microscopy Data Base (http://www.emdatabank.org/).
Once the manuscript pertaining to the 3D reconstruction has been published the model can
be made available for dissemination and referenced through the unique EMD identifier (i.e.
EMD-5259).

3.13 Data Interpretation

Once a 3D volume has been generated, the final step is analysis of the map. A key element
to data interpretation is knowledge of the limits of map visualization and interpretability. In
general, one of the best metrics by which a 3D model can be evaluated is the computed
resolution of the map (as described below). To date, the highest resolution published
structure of HSV-1 is of the B-capsid to 8.5 A (2). A subnanometer resolution map of the
capsid is shown in Figure 1B. At this resolution, it was possible to identify numerous
secondary structural features in the major capsid protein, VP5, and its upper domain features
match well with the crystal structure (47). The first symmetry free reconstruction of HSV-1
was at 24 A and revealed the dsDNA packaging protein situated beneath one of the
icosahedral vertices (Figure 1C)(3). A symmetry-free reconstruction of intact virions
demonstrated novel portal vertex associated tegument extending from the portal vertex
outwards from the capsid shell (Figure 1D)(4).

1. 3D Density Visualization: Volume rendering of large macromolecular complexes is
typically done with a handful of tools. There are many freely available software
packages to facilitate this process, Chimera (27), Coot (48), and Pymol (http://
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www.pymol.org), in addition to commercially licensed solutions such as Amira
(http://www.amiravis.com) and Avizo (http://www.vsg3d.com/avizo/).

2. Resolution determination: There are a few ways in which the resolution of a 3D
density map can be evaluated. The first is visual inspection of the reconstruction for
the appearance of long rod shaped densities (a-helices), which is an indication that
the resolution of the map is subnanometer (i.e. < 10 A). A more accurate
quantitative method is the calculation of resolution from the Fourier Shell
Correlation (FSC) (49, 50) between two independently determined density maps of
the same sample from two data sets. A 0.143 criterion in the FSC plot can be used
to estimate the resolution when the two independent data sets are combined (8, 51—
53).

3. Map Segmentation: Interpreting the structure derived from a 3D reconstruction is a
time consuming process that requires the macromolecular complex to be broken
down into more manageable pieces. Understanding how these components fit
together for the entirety of the structure is at the heart of understanding the
macromolecular assembly. Depending upon the complexity of the data, this process
can be very time consuming, so programs have been developed to automate certain
aspects of this process (54-56).

For HSV-1, the capsid is comprised of over a 1000 copies of four viral proteins, VP5,
VP19c, VP23, and VP26. Since little secondary structural information is known about the
proteins that comprise the capsid shell, accurately segmenting out these components can be
difficult and relies on high-resolution maps where the boundaries between protein subunits
are clearly delineated.

3.14 Conclusion

Cryo-EM is unique in the fact that it allows for the direct visualization of virus structures in
their hydrated state without the need for heavy metal stains. The success of cryo-EM for
resolving the structure of HSV-1 capsid associated components is seen in the 3D
reconstructions of the capsid and virion. Icosahedral reconstructions have been a mainstay in
the cryo-EM field for the past 40 years, enabling reconstructions to reach the point of near-
atomic resolutions such that individual amino acid side-chains can be visualized in the
resulting 3D models. Recently, asymmetric cryo-EM reconstructions have for the first time
identified the machinery responsible for packaging the HSV-1 genome in the context of the
capsid shell (3). Beyond the single particle approach, advances have been made in cryo-ET,
which have allowed for the identification of a novel tail-like capsid associated structure from
HSV-1 virions (4, 57). These complementary imaging modalities have paved the way for a
structural approach to gain insight into the life cycle of HSV-1.
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Figure 1.
HSV-1 3D reconstructions. Each of these four reconstructions is radially colored to show

surface features of the virus. One of the first icosahedral 3D reconstructions of HSV-1 was
of the whole infectious virion (A) (1). The pleomorphic layer of tegument proteins that
surround the HSV-1 capsid in the virion are readily visualized in the reconstruction. The
first subnanometer resolution reconstruction of HSV-1 was of purified B-capsids (B) (2).
The first asymmetric reconstruction of HSV-1 was of purified B-capsids (C) [EMD-5259]
(3). A portion of the capsid shell has been resected from the reconstruction to show the
portal complex sitting beneath a unique vertex of the capsid shell. The first sub-tomogram
average from cryo-ET of HSV-1 virions revealed a novel organization of protein in the
pleomorphic tegument layer that resembled the tail of bacteriophage (D) [EMD-5453] (4).
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Figure 2.
Grid orientation for sample application. The two sides of Quantifoil™ TEM microscopy

grids have a different luster, the side that glares in light is purely copper and the matte side is
carbon coated. It is important that the sample is applied to the carbon side as it is more
hydrophilic.
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Ice Peaks
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Figure 3.
Ice contamination. When the sample in suspension on a grid is not fully vitrified during

freezing it is possible to see other forms of ice. Hexagonal ice formation will look like
striations in the image (A) and a Fourier transform of the image will contain discrete ice
peaks (B). Cubic ice formation will look like nodules in the image (C) and a Fourier
transform of the image will contain an “ice ring” in the Fourier transform at a specific
spatial frequency (D). N.B. The virus sample shown in panels A and C are of bacteriophage
epsilon15 not HSV-1.
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Figure4.
Zernike phase contrast imaging. HSV capsids imaged under conventional cryo-EM

conditions are characteristically low contrast (A). The same sample when imaged with
Zernike phase contrast cryo-EM has markedly increased contrast (B).
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Figure5.
Zernike phase plate image of HSV-1 virions. Heterogeneity of the virion sample is

visualized in an individual image (A). The numerous components of the virion (e.g. Red —
Envelope, Blue — Tegument, Green - Capsid) are revealed in the high contrast phase plate
image (B, C).
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Figure6.
Zernike phase plate image of HSV-1 capsids. Three distinct capsids are produced during

HSV-1 replication and numerous capsids can be seen in high magnification images (A). A-
capsids are empty shells (B), B-capsids contain condensed scaffolding proteins (C), and C-
capsids contain dsDNA which appears as a whorl like pattern within the capsid (D).
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