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1. - QUALITATIVE-DESCRIPTIVE INTERPRETATIONS
OF EM IMAGES

By far the largest numbers of applications of electron microscopy to biology are concerned with
interpretations of the images on a qualitative-descriptive level. In those cases where quantitative
measurements are obtained, they normally relate to distances, sizes, or numbers of particles,

etc.

1.1. - SPECIMEN PREPARATION TECHNIQUES

Specimen preparation methods perform the task of stabilizing the initially hydrated molecule so

that in can be placed and observed in the vacuum of the electron microscope.

1.1.1. - NEGATIVE STAINING TECHNIQUE

The contrast produced by the molecules itself is normally insufficient for direct observation in
the electron microscope and a contrasting method has to be used. Negative Staining with heavy
metal salts such as uranyl acetate produce high contrast and protects the molecule from
collapsing. Instead of the molecule (with its interior density variations) only a cast of exterior

surface of the molecule is imaged, and only its shape can be reconstructed.

The structural information in the image is basically limited to the shape of the molecule as it
appears in projection. In negative staining the macromolecule itself is usually unstained but is
instead surrounded by the dense stain. As a result, the specimen appears in negative contrast
(lighter in tone against a dark background). Negative stains are used to contrast whole
biological structures (viruses, bacteria, cellular organelles, etc.) that have been deposited on a

supporting carbon film.

SIDE
VIEW

S FEMEN
HEGATIVE STAIH

SUBSTRATE

Figure 1.1. Principe of negative staining showing si de view of specimen surrounded by stain. The
electron-dense stain fills indepressions in the spe cimen and is held tightly around the specimen by

surface tension forces.
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EXPERIMENTAL PROCESS:

Typically, an aqueous suspension is mixed with 1 to 2% uranyl acetate and applied to a carbon-

coated copper grid with the sample. The excess liquid is blotted away with filter paper.

1. - Glow discharge of the grids (carbon-coated cop  per grid):

2. - Apply the sample to the carbon-coated copper g  rid (the excess liquid is blotted away

with filter paper).
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3. - Clean the grid with a MILLI-Q water drop (the  excess liquid is blotted away with filter

paper).

e

4. - Apply the 2% uranyl acetate dissolution to the carbon-coated copper grid with the
sample (the excess liquid is blotted away with filt ~ er paper).




CIClamm
bioGUNE

Biozientzietako lkerkuntza Kooperatiboko Zentroa
Centro de Investigacion Cooperativa en Biociencias

EXAMPLE (CIC BioGUNE JEM-1230 Microscope — 2007):
EXAMPLE 1: Negative Staining - Ribosome Dimmer 100S  (LAB3 MIKEL VALLE - 2007)




1.1.2. - CRYOFIXATION TECHNIQUE

Cryo-fixation (vitrification) is a method to “sustain” the molecule in a medium that closely
approximates the aqueous environment. The samples are embedded in vitreous ice and we can
obtain images of fully hydrated macromolecules (“Frozen-hydrated”). The vitrification process
enables the structure of macromolecules and the cellular architecture to be studied in a frozen

hydrated near native state.

- For small objects (isolated macromolecules in a suspension organelles, small cells (a few
micrometers)) we use a plunger (rapid freezing of the sample by quickly thrusting the grid into
liquid ethane at liquid nitrogen temperature). The specimen grid, on which an aqueous solution
containing the specimen is applied, is rapidly plunged into liquid ethane, whereupon the thin
water later vitrifies. The rapid cooling rate (speed of vitrification is milliseconds) prevents the
water from turning into cubic ice. The grid is transferred to liquid nitrogen and mounted in the

cryo-holder of the electron microscope.

The VITROBOT (Vitrification Robot) is a fully PC-controlled plunge-freezing device for
vitrification (=rapid cooling) of aqueous samples. In the VITROBOT the process of plunging,
blotting and vitrification is fully automated, at temperature and humidity-controlled. The
parameters to be influenced are: temperature, humidity, the number of blots, and a number of

critical time settings.



EXPERIMENTAL PROCESS:

Samples preparation for cryo-electron microscopy involves a few steps:
1. - Glow discharge the grids (QUANTIFOILD or C-FLA T) with the COATING SYSTEM:

2. - Select: Temperature(°C) and Humidity (%RH):



3. - Select: Blot time (s), Blot offset (mm), and B lot Total:

4. - Application of the sample to the specimen grid (Manual Application):



5. - Blotting away excess liquid:

6. - Shooting the thin (about 100nm) sample into li  quid ethane:



7. - Transfer of vitrified grid to the microscope ¢ ryo holder:



EXAMPLES (CIC BioGUNE JEM-1230 Microscope — 2007):
EXAMPLE 1: Cryo EM - EUVs DOPC (llya Reviakine CIC BiomaGUNE)



EXAMPLE 2: Cryo EM - LUV Membranes (Gorka Basanez B ioPhysic UPVEHU)



EXAMPLE 3: Cryo EM - Proteoliposomas TrwB+DNA (Itzi  ar Alkorta BioPhysic UPVEHU)



EXAMPLE 4: Cryo EM - Vesicles (Adela Rendén BioPhys ic UPVEHU)



EXAMPLE 5: Cryo EM - Protein Aggregate (BIOFORGE Va lladolid UNIV. )



- For thicker samples (large organelles, small cells or parts of tissues) (<300um) we have to

use a high-pressure freezing device

By combining cryo-electron microscopy with 3D reconstruction, a quantitative, physically
meaningful map of the macromolecule can be obtained, enabling direct comparisons with

results from X-ray crystallography.
Even in the age of cryo-electron microscopy, negative staining is still used in high-resolution

electron microscopy (EM) of macromolecules as an important first step in identifying

characteristic views.

1.1.3. - CRYO-NEGATIVE STAINING TECHNIQUE

The samples are negative stained with heavy meal salts such ammonium molybdate and then
are embedded in vitreous ice with the aid of the VITROBOT. We obtain images of fully hydrated

macromolecules (“Frozen-hydrated”) with high contrast.

1.1.4. - INMUNOELECTRON MICROSCOPY TECHNIQUE

This technique allows the investigator to identify antibody/antigen complexes that localize to a
particular subcellular organelle or compartment by using a tag (heavy metals: Colloidal gold). A
single molecule of a particular antigen can be localized by a tagged antibody or series of

antibodies.

A compound that incorporates heavy metals (like colloidal gold’s), is clearly visible in the
electron microscopy because of their high electron scattering properties. The tag (colloidal

gold’'s) forms a dense 3-10 nm patrticle.

The most common strategy for antigen localization (antibody labelling) is the indirect method.
A tissue antigen is exposed to a primary antibody that has been made to bind the antigen. After
binding of the primary antibody, a tagged secondary antibody is exposed to the bound antigen-

antibody complex. The result is a two-layered antibody sequence with an attached tag.



Figure 1.2. The indirect method for antibody labell  ing.

A solution is to work with monoclonal antibodies with proven affinity for a particular epitope
(sequence of amino acids). Using molecular engineering techniques one inserts the desired
sequence of amino acids into the protein and then localizes the amino acids into the protein

using the available monoclonal antibodies.

Figure 1.3. lllustration of steps involved in the e  pitope labelling procedure.



EXPERIMENTAL PROCESS:

The macromolecule is first fixed in 4.0% para-formaldehyde and processed for embedding in
glycine. The sample is incubated with primary antibody and then later incubated with secondary
antibody with the Colloidal gold particles (size range is 5 nm to 20 nm). The gold particles bind

to the Fc portion of the antibody and are detected by EM.



1.2. - SOFTWARE FOR QUALITATIVE-DESCRIPTIVE INTERPR ETATIONS
OF EM IMAGES
1.2.1. - DIGITAL MICROGRAPH (GATAN)

DigitalMicrograph™ is an application used for acquiring, visualizing, analyzing, and processing
digital image data, primarily within the context of electron microscopy. It can be thought of as an
environment that can be enhanced with different attachments (plug-ins) to perform a variety of

analytical tasks.

With DigitalMicrograph and one of the acquisition units, such as a CCD camera, you can
acquire a digital image of a sample, manipulate its display, analyze, process, print, and archive
it for long-term storage. DigitalMicrograph gives you many different ways to view your data and
images. It also provides you with a full complement of image processing algorithms and

analysis techniques for coming to grips with the information contained within your data.

Figure 1.4. lllustration of DigitalMicrograph softw are.



2.-THREE-DIMENSIONAL ELECTRON MICROSCOPY
RECONSTRUCTION OF MACROMOLECULAR
ASSEMBLIES

The objective is to form an accurate three-dimensional (3D) representation (3D map) of the
biological object, which ideally reveals not only its shape but also its interior density variations.

Electron microscopy bridges a gap of several orders of magnitude that is left between X-ray
crystallography and light microscopy. Three-dimensional information is normally obtained by

interpreting micrographs as projections.

Figure 2.1. Three popular data collection geometrie s in 3D construction. (a) CAT-scan, with the
patient being stationary and a rigid source-detecto r tilted by equal increments; (b) single-axis tilt in
the TEM, with the source-detector being stationarya  nd the specimen tilted by equal increments; (c)

TEM tilting replaced by the multiple incidence of m olecules found in different random orientations.

Three-dimensional imaging with the electron microscope follows two different methodologies,
which are divided according to the size (physical dimensions) range of the object and its

degree of “structural uniqueness”.

- On the one hand, we have cell components (in the size range of 100-1000 nm),
which possess a unique structure , (example. Mitochondrion). For objects that may
vary from one realization to the next can only be visualized as “individuals” (by
obtaining one entire projection series ) -> TOMOGRAPHIC RECONSTRUCTION
TECHNIQUE.



- On the other hand, we have macromolecular assemblies (in the size range of 5-50
nm), which exist in many structurally identical “copies” (identical views when
placed on the support in the same orientation), (example. Ribosome). For objects
that have identical structure by functional necessity, powerful averaging
techniques can be used to eliminate noise and reduce radiation damage ->
SINGLE-PARTICLE RECONSTRUCTION TECHNIQUE.

2.1. - SINGLE-PARTICLE RECONSTRUCTION TECHNIQUE

2.1.1. - CHARACTERISTICS

Single particle reconstruction  is a technique in which large numbers of images (10,000 -
1,000,000) of ostensibly identical individual molecules or macromolecular assemblies are
combined to produce a 3 dimensional reconstruction. This, of course, is a general goal, as a lot

of information can be gathered from the various intermediate steps.

Methodology:

The data typically consists of micrographs containing projections of proteins or protein
complexes generated in a transmission electron microscope. From these experimental
projections (particles), we will generate a 3D model. Later on we will discuss how the actual
model is generated, but for now we just need to know that the process requires the assignment
of Euler angles to each experimental projection. Once these angles are assigned to each

experimental projection, the model can be generated.

L

Figure 2.2. Diagram of an Euler sphere indicatihng ho w and are used to describe any point on

the surface of the sphere.



Euler angles are directional angles used to indicate a position and orientation in space around a
common centre. Their definitions are as follows:

(theta): Defines the elevation above or below the equator.

(phi) : Defines the rotation (azimuth) around the equator.

(psi) : Defines the rotation around the centre of the position defined by and

If one imagines standing in the centre of a large hollow sphere, in order to define a point on the
surface of the sphere, one needs to know two pieces of information: what the elevation of the
spot is relative to the equator of the sphere ( ) and what the rotation is around the vertical axis
of the sphere (- azimuth). To generate a reconstruction, we will need to determine and for
each experimental particle in order define its position on the Euler sphere. The centre of the

Euler sphere represents where our 3D model is.

Three-Dimensional reconstruction from projection im ages:

For all standard algorithms for 3D reconstruction (“Computerized Tomography or “CT"), one
needs to know the angles between the projection directions. In medical CT, for example, an X-
ray source rotates around the head of a patient and the machine collects projection images at,
say, one degree intervals. In single-particle cryo-EM, however, the molecules have random
orientations in the solution and we do not a-priori (“to begin with”) know the relative projection
directions of the images. It's necessary to find the relative orientations of the images after the

data has been collected (a posteriori).

Characteristics:

- We assume that we have multiple copies of structurally identical specimens and the task is the
reconstruction of the common structure (we encounter the different views from identical copies
of the macromolecular structure).

- We have very large collection of images ((10,000 - 1,000,000 projection images) and the task
is the reconstruction of a relatively small volume.

- The differences between the images are due to the differences in projection directions relative
to the common structure.

- The experimental views from different copies are combined in the reconstruction as if they
were coming from the same specimen at different projection directions and if a sufficiently large
number of views is obtained, then there is no need to tilt the specimen in the microscope.

- The directions of the projection are not known “a priori” and have to be determined before the

reconstruction process.



- Averaging many noisy images to reduce noise : Averaging many image of the same
“macromolecule” in the same orientation can lead to spectacular increases in the signal-to-noise
ratio (SNR) of the data. The signal is the same n all images but the noise is different from image
to image. Thus the signal is boosted in the average relative to the noise.

Principle of “shared suffering”: each macromolecule in this experiment is only exposed with one
1/1024th of the dose required to achieve the final image. The full electron dose would have
been lethal to an individual macromolecule. The dose macromolecules can endure without

substantial damage is ~10el./A2

(a) (b)
Figure 2.3. (a) Particles of DNA polymerase random| y strewn on a surface. Middle : Computed two
dimensional projections of the above particles. Bottom : The same projections with noise added to

indicate the loss of detail that is seen in a micro  scope. (b) Three-dimensional model of ribosome
that was constructed by examining many different vi ews of negatively stained ribosomes.



2.1.2. - SINGLE-PARTICLE RECONSTRUCTION TECHNIQUE D ESCRIPTION

The aim of the "single-particle"” image processing is to obtain a 3D reconstruction of a
macromolecule from a large set of particle images (that are obtained with the electron
microscope), based on the premise that each of these particle images shows the same
structure. Since the macromolecule is single, without a structural context that would stabilize its
orientation, it occurs in many different orientations. Thus, the electron micrograph normally
displays a wide range of particle views. But it is unknown, in the absence of prior knowledge,
how these views are related to one another. Thus the 3D reconstruction procedure must deal

with two separate issues:

How to find the relative orientations (each given in terms of 3 Eulerian angles and two

translational parameters ) of the particle projections;

Provided these orientations are known, how to reconstruct the macromolecule from the

projections.

1. - SPECIMEN PREPARATION:

First the samples have to be well purified (sucrose gradient, chromatography, centrifugation...),
conveniently concentrated and it can’t contain cryo-protector substances in the buffer. Then the
samples are cryo-fixed with the aid of the VITROBOT using QUANTIFOIL or C-Flat grids. The

samples are embedded in a vitreous ice environment and the specimen is frozen-hydrated.

2. - PARTICLE IMAGES ACQUISITION:

The specimen holder is not tilted. Digital Data acquisition is made with the aid of Digital
Micrograph software and the GATAN CCD camera of the JEOL microscopes. Analogical Data
acquisition in KODAK films (SO163 SIGMA) (electron micrographs) is made with the aid of
JEOL Electron Microscope software. For cryoEM the number of projection images to collect will

often be >10000. There exist automated procedures for “low-dose data acquisition”.

For analogical data acquisition in KODAK films is necessary to process the films in the
darkroom: immerse the films in a developer, stop bath, fixer, and water (at 20 © C). Then dry the

films in a drying cabinet.



Figure 2.4. lllustration of processing the KODAK fi Ims in the darkroom

After drying, the electron micrographs (KODAK films) are digitalized in the Zeiss PHOTOSCAN

scanner (7 micron resolution).

3. - PICKING PARTICLES FROM MICROGRAPHS:

In order to reconstruct a 3D molecule from its 2D projections, it is often necessary to use
several thousand experimental projections (particles). For small sample sizes (e.g. less than two
thousand), it is straightforward to select (pick) the particles from several micrographs. Using a
computer program such as SPIDER/WEB, XMIPP (xmipp_mark), or EMAN (boxer) the untilted
images of the same micrograph are displayed side by side. Several particles are then picked by

hand in each micrograph.

In reconstructions that use a “reference” or the “common lines method” any suitable particle

can be used (there is no need for a matching tilted pair).

Once all the particle coordinates have been determined for the micrographs, the particles are
'windowed' out into their own individual files, where they can be manipulated in a more efficient
manner. Some programs simplify the task of keeping track of so many particles by 'stacking'
them into one file. In a stack, all the images are concatenated into a continuous data stream,

where it is easier (and quicker) for the program to access

Automated Particle Picking:
This procedure, of course, can become tedious after several dozen micrographs have been

scanned. When only single particles are needed, efficient methods exist for particle picking.



Automatic particle picking procedures can use peak finding algorithms  (of bright particles on a
dark background) to select particles and avoid noise. A rough model of a particle is generated,
and then that model is 'dragged’ across the micrograph. When a good correlation between
model and micrograph is made, this indicates that a possible particle has been found and the

area is selected by the program and windowed out into its own file.

Another common method of automatic picking uses two steps: training and selection. In the
training step, a small amount of particles are picked by the computer, and then the operator
manually separates them into particles, junk, and background noise. The computer uses this
information to design a discriminant function and then proceeds to pick the particles. With
enough training, good programs should be able to differentiate between the various possibilities.
Sometimes, too, the procedures can be calibrated to pick particles that are more than a set
distance apart in order to avoid overlaps and picking the same particle twice. Unfortunately,
these procedures generally only work on sample preparations those are homogenous. Large

particle aggregates, as well as other artefacts in the scanned image, can confuse the picking.

For these reasons, there is often a quality control step where a person manually scans the

picked particles to ensure a low level of false positives.

4. - CENTERING THE PARTICLES:

Usually, most picking algorithms (whether automated or manual) do a fairly good job of placing
the picked particles near the middle of the boxed out image. However, fine adjustments still
need to be done to make the later steps all that more efficient. A common method of centering
searches for the so-called center of gravity . In this method, the image is scanned and the
intensity peaks calculated to find the center of the particle 'mass'. The image is then shifted by

the correct amounts to maximize the number of peaks near the center.

This method, however, does not work very well if the particle is very asymmetric, since one end
might be very heavy compared to the other. In this case, the heavy end will be centered, and
the rest of the particle might not necessarily align correctly. Also, particles that have a hollow,
such as in a ring, can be miscentered, since some center of gravity algorithms break down
when there is a lack of mass in the middle of the object. In these cases, the ring particles are

kicked off center so that part of the mass of the ring is in the image center.



Another centering method averages all the picked particles together, and the n
crosscorrelates each individual particle to the average . The crosscorrelation function is
used to determine by how much to shift each particle when trying to center it. When all the

particles have been crosscorrelated to the average and shifted, a new average is generated.

Once again, all the particles are compared to the new average, and shifted as necessary to
center them as best as possible. This iterative process is repeated until no significant shift is

necessary for all the particles.

EXAMPLE:
Figure 2.5. shows three averages produced during the iterative process of centering 590 ring-
shaped particles. One can see how the averaged ring goes from very fuzzy to having well

defined edges, indicating that the data set is nearly centered.

Figure 2.5. Averages showing the stepwise centering of several ring particles. Notice how the ring
becomes less diffuse with each iteration, indicatin g better centering of all the particles. In each

image, the particle is white on a dark background.

5. - ALIGNMENT THE PARTICLES:

Before computation of the classification and refinement, the projection images must be mutually

aligned within a common frame of reference.

Once particles have been picked and centered, they need to be aligned, ordered, and classified
for the reconstruction. These steps provide information on the relationships between different
particles in a data set. The information can then be used towards putting together a three-

dimensional model.

For aligning a data set of randomly oriented particles a whole set of reference images are
required. One reference image can only serve to align particles which have the same (out-of-

the-plane) orientation.



Algorithm for aligning electron images of individual macromolecular complexes with respect to
one reference image. This algorithm operates as an iterative sequence of translational and
rotational alignments using cross-correlation functions (CCF). The CCFs are best calculated
through Fast Fourier Transforms (FFT). This iterative alignment procedure is able to remove

the in-plane translational and rotational variations in a data set of molecular images.

EXAMPLE:

Alignment involves placing the images of particles into a similar orientation on the screen. In the
simplest case, two particles are just shifted (by [x,y]) and rotated (by [ ]) relative to each other
in the plane of the image (Figure 2.6). Correlation, a method for calculating similarities, is used
to determine the [x,y, ] parameters. The correlation can be done either between images in the
data set (crosscorrelation: CC) or by comparing an image to itself (autocorrelation: AC). Usually

a mixture of the two is used, as described below.

For this example, two similar objects will be aligned. The only difference between them is an
[x,y] shift and a [ ] rotation (Figure 2.6). The autocorrelation function (ACF) is independent of
translation, so in this case, the two autocorrelation functions (ACF) will just be rotated by the
angle [ ]. The offset angle is computed by doing an angular correlation search of the two
separate ACFs. When this angle is calculated, one of the two original particles is then rotated by

the offset angle, in order to align it with the other particle (Figure 2.7).

With the two particles now in the same orientation, they need to be shifted in-plane to overlap.
Crosscorrelation (CC; like autocorrelation but between two images) coupled with a peak search
of the CCF similarly provides the necessary [x,y] shift values (Figure 2.8 and Figure 2.9.). Then,
one of the two particles is shifted by [x,y] to get a correct overlap. If needed for future study, the
aligned images can be summed and averaged. This procedure is repeated for all particles that

have a similar orientation.



Figure 2.6. An unshifted ( left) and shifted ( right) particle pair.

Figure 2.7. ACFs of an unrotated ( left) and rotated plus shifted ( right) particle pair.

Figure 2.8. ACF ( left) and CCF (right) of a shifted, unrotated particle.

Figure 2.9. An unrotated ( left) and rotated plus shifted ( right) particle pair.



6. - CLASSIFICATION PARTICLES:

Particle classification involves grouping images that are similar and separating images that are
distinct. In practical use, this means that experimental projections that have the same
orientation (shape) are placed within the same category for later averaging. In this case,
orientation means that the particles are showing the same face to the viewer and the only

difference between them is that they can be rotated by some angle in the plane of the image.

The experimental projections might also be shifted relative to each other, but the centering of

the experimental projections is often done before classification.

Since protein particles generally do not lie in one preferred orientation on the carbon film, many
views of the protein will generally be visible. Each of these classes of experimental projections

has to be defined. Furthermore, alignment of particles then has to be done for each class.

For example, a book dropped randomly on the floor will preferentially land on its front or back,
and then with less probability on one of the narrow sides, and finally with even less probability
on just an edge or corner. The two principal classes (front showing and back showing) will make
up the bulk of the data, and, as will be shown later, by having two orientations to work with, will
help create a better reconstruction than if only one view was available. Within a particular view,
it is important that as many projections are used that cover the 360°rotation on the plane of the
micrograph. When the tilted projections are then used to generate a first volume, the entire
space of information is available. If too few particles are used or there is a preference for one
orientation over another within one class, the missing information will reduce the resolution of

the calculated volume.



7. - REFINEMENT (3D RECONSTRUCTION):

Once a 3D reconstruction exists, all possible projections of that structure can be calculated.
These “re-projections” can serve as reference images to the multi-reference alignment for

aligning the original data set of noisy images. Thus the process may be refined iteratively.

\/

SN

Figure 2.10. “Re-projections” of a 3D reconstructio n as reference images

In the previous sections, we discussed how experimental particles are picked, aligned, and
classified. In this section, we will briefly explain the methods most commonly used for

generating a three-dimensional model via single particle reconstruction.



Angle Refinement: In random conical tilt, images were assigned angular positions through
rotational alignment and tilt-angles. Once a first reconstruction has been obtained, iterative
angular refinement is used to improve the original reconstruction by refining the value of the

Euler angles assigned to each projection.

FOURIER RECONSTRUCTION METHODS:

Common Lines:

Another reconstruction method searches for the intersection of any two projections in Fourier
space. The Fourier transform of the experimental projections all form slices around a common
core in Fourier space. Therefore, the intersection of these projections are unique (unless the
projections perfectly overlap), and their relative orientation can be found when three or more
projections are used. A principal problem with this method is that the handedness of the image
is lost. This, however, can later be corrected by visual examination of the model with other

known structural information.

The angular reconstitution technique (van Heel, Ultramicroscopy 1987) allows one to find the
relative projection orientations of 2D projection images of the same 3D object. It is based on
the common line projections theorem: “two different 2D projections of the same 3D object share
at least one common line projection”. Using the resulting angles, we can use conventional 3D

reconstruction algorithms to calculate the 3D structure of the object (say, a ribosome).

Orientation determination using common lines (a.k.a. " angular reconstitution "). This method is

based on the fact that in Fourier space any two projections intersect along a central line ("the
common line"). Hence, in principle, the relative orientations between three projections can be
determined - except that the handedness of the constellation is ambiguous. Because of the low

signal-to-noise ratio of raw particle images, averages of projections falling into roughly the same

orientation must be used.

Weighted back-projection method (WBP):

Back-projection is a method of 3D reconstruction from 2D projections. It is based on
superposing 3D functions ("back-projection bodies") obtained by translating the 2D projections
along the directions of projection. To obtain the correct result, the projections must be weighted
in Fourier space prior to weighted back-projection. All these back-projection bodies are
superimposed and summed in their correct orientations, yielding an approximation to the

reconstruction. Filtration by a weighting function is necessary since the transition from the polar



to the Cartesian coordinate system leads to an imbalance in the representation of spatial
frequencies. This weighting is very simple in the case of equal angular increments, but becomes
very complicated (General weighting) when an arbitrary distribution of angles must be

accommodated, as in our case.

ITERATIVE DIRECT SPACE METHODS:

Figure 2.11. Flow chart of a typical reconstructio ~ n. The process is designed to be iterative.

Experimental projections are first selected from electron micrographs. These particles are then
centered, aligned, and classified. From the centered/aligned/classified particles, a preliminary
model is generated. To refine this solution, the model is used to better align and classify the
original particles. A new model is generated from the refined data, and so on until a satisfactory

solution is reached.

EXAMPLES:

Block ART with blobs (Algebraic reconstruction tech nique) (XMIPP):

ART is a series expansion method. Xmipp employs series expansion methods for volume
reconstruction. In these methods, the volume to be reconstructed is represented as a weighted
sum of basis functions, reducing the reconstruction problem to the estimation of their weights.
This is done in an iterative fashion so that the projections of the reconstructed volume computed
through an image formation model resemble the experimental projections obtained by the

microscope.

Simultaneous lterative Reconstruction Technique (Sl RT):
The 3D reconstruction algorithm called Simultaneous Algebraic Reconstruction Technique
(SIRT) seeks to minimize the discrepancy between the 2D projection data and 2D projections of

the structure. The reconstruction process begins with setting to zero the elements of the initial



volume and proceeds iteratively by using the 2D error between projection data and projected
current approximation of the structure as current corrections. Although the results of this
algorithm are of very high quality, its rate o f convergence is very slow and the recommended

number of iterations is 100.

Maximum-likelihood multi-reference refinement (XMIP ~ P- Scheres,S.H.W.)

A very interesting way to overcome these limitations (CTF, noise, algorithms) could be a
combination, into a single algorithm, of the functionalities of reconstruction techniques and
geometry estimation methods. Pre-alignment and subsequent classification of images may yield
good results if the alignment process is not hampered by the fact that the structures of the
different classes are not yet known.

Because the images are typically very noisy, alignment success depends on a reasonable
reference image. In iterative alignment procedures (as implemented in xmipp_align2d), this
reference image is the average of all aligned images from the previous step. The G40P images
of the previous section are an example where translations and rotations can be determined
rather accurately using a single average of all classes in the pre-alignment step. In many cases,
alignment is more difficult if the different underlying structures are not known. Then, the
alignment and classification of structurally heterogeneous data becomes a chicken-and-egg
problem: alignment depends on a good classification, and classification requires prior
alignment.



8. — VISUALIZATION: Visualization of the 3D mass density map (CHIMERA, VMD)

Figure 2.12. lllustration of the Chimera software

9.- FITTING:

Figure 2.13. lllustration of the TEM 3D mass density ~ map with X-ray structure FITTING.



2.1.3. - SINGLE-PARTICLE TECHNIQUE PROBLEMS

The most important problem is “discovering” the projection direction of each view (images from

different particles).



EXAMPLE 1: Ribosome Dimmer 100S (LAB3 MIKEL VALLE — 2007)

Negative Staining

Cryo



2.2. - TOMOGRAPHIC RECONSTRUCTION TECHNIQUE
2.2.1. - CHARACTERISTICS

Electron tomography is an imaging technique that provides 3D images of a
specimen with nanometer scale resolution (5-10 nm).
The specimens that can be investigated are:

Large unique variable structures (small cells and organelles): 500-1000 nm.

Small identical macromolecules (>200 kDa) (in their cellular environment).

Figure 2.14. Principle of 3D reconstruction

We aim at reconstructing “unique” specimens.

We obtain different views of the specimen from different projection directions by
tilting the specimen in the microscope with the help of a goniometer. The projection
directions are the angles that are set at the specimen (in an approximate way).

We have relatively a few large images and the task is to reconstruct a large volume.
Because of the large depth of focus of the electron microscope -> 2D images (2D

projections of the specimen imaged) are acquired as viewed from different angles

and then synthesized into a 3D mass density map (tomogram).

Requirements for data recording and allowable dose depend on:
The size of the specimen

The desired resolution of the tomogram (desired structural details)



The contrast is better with zero-loss filtering (elastically scattering).
The attainable resolution is determined:

For linear tilt increments  (for a specimen spherical or cylindrical):

_P

D is the diameter of a spherical object

N is the number of projections recorded

For non-linear tilt increments  (for specimens non spherical extended in the x-

and y- directions of variable thickness):

Section with a thickness of T -> =

Maximum tilt angle (& ).

For an optimal sampling of specimens of variable thickness, non-equidistant tilt
angles may be advantageous (the tilt increments are smaller at high specimen

tilt than at low specimen tilts).

Figure 2.15. The central section theorem.

Sample thickness will be change by tilting angle. To reduce unclear image due to
chromatic aberration we have to use a high voltage electron microscope or

Energy Filter TEM (select elastic image by zero loss energy with the slip).



Electron

Electron

Specimen Tilt

specimen —>

teff

Figure 2.16. Projection series acquisition in Tomogr  aphy



2.2.2. - CRYO- ELECTRON TOMOGRAPHY TECHNIQUE DESCRIPTION

1. - SPECIMEN PREPARATION: cryo-fixation with the aid of the VITROBOT using
QUANTIFOIL or C-FLAT grids. The samples are embedded in a vitreous ice environment with
the aid of the VITROBOT and the specimen is frozen-hydrated.

2.- SERIES ACQUISITION: The specimen holder is tilted incrementally (in angular tilt angle
increments ) around an axis perpendicular to the electron beam and images are taken at
each position from -70° tilt to +70° tilt with:

- Linear tilt increments 1° (for spherical samples)

- Non-linear tilt increments (non-equidistant tilt angles for sampling of

specimens of variable thickness).

Projection series acquisition is made with Digital Micrograph Tomography software and the

CCD camera of the JEM 2200-FS microscope. The classification of data collection schemes is:
For pleiomorphic structures, (particles that individually have different shapes).

- Single axis tilting

- Conical tilting
For identical particles, (averaging over different particles)

- Random-conical tilt (particles with preferred orientation)

- General random tilt (particles in random orientation)

The maximum tilt angle that the GATAN goniometer can achieve is + 70° (JEM-2200 FS).

There exist automated procedures for “low-dose data acquisition”, and the result is a low

signal-to-noise ratio (SNR) acquisition.

For cryotomography the number of projections in a tilt series will often be <100.



3. - ALIGNMENT: Before computation of the tomogram, the projection images must be mutually

aligned.

Figure 2.17. Data sampling in Fourier space

- Marker-based alignment method using colloidal fid ucial gold markers (IMOD). Are

accurate but in some cases the markers can interfere with the reconstruction and it's not always

possible to use markers.

Figure 2.18. (A) Projection of a specimen; (B) Specim  en changes included in the model.



- Marker-free image alignment method (IMOD)  using:
Cross-correlation-based and common-line based alignments are used together as a pre-

alignment method.

Cross-correlation-based alignment standard (translational alignment): assume a

planar object (thin sample)

Figure 2.19. A schematic flow chart of cross-correl ation-based image alignment.



Common-line based alignment  (rotational alignment and the shift parameters in the tilt
axis)

Feature-based alignment (modern approach):  Technically similar to the gold marker
alignment -> certain features (corners, lines, curves) are tracked through the images
and, once the correspondences have been established, the alignment parameters are
estimated and optimized for the images. Problems: is very vulnerable to noise and the

computational cost is high.

Figure 2.20. Flow graphs of the two feature-basedi  mage alignment methods. (a) Epipolar

alignment; (b) Trifocal alignment.

- 3D model-based method (intermediate reconstructio  n) (SIRT-SPIDER)

This method is based on the idea of iteratively building an intermediate 3D model of the object
as a reference that is then reprojected onto the image plane to which the original projection
images are aligned. The model projection is matched to the measured projection. This method
is used widely in single-particle reconstruction. Problems: the computational cost is high and

there is no guarantee for finding the global minimum of the cost function.

4. — RECONSTRUCTION: Reconstruction of the Three-dimensional mass density map
(tomogram) with the projection series obtained (IMOD, TOM).

- Fourier reconstruction methods:
Weighted back-projection method (WBP)(XMIPP)
WBP is a transform method. WBP is more sensitive to a missing angular range that

ART with blobs and suffer bluring along the z-axis and loss of the resolution.



- Iterative direct space methods:
Block ART with blobs (Algebraic reconstruction te chnique)(XMIPP)

ART is a series expansion method.

Maximum-likelihood multi-reference refinement (XMl PP- Scheres,S.H.W.)
A very interesting way to overcome these limitations (CTF, noise, algorithms) could be a
combination, into a single algorithm, of the functionalities of reconstruction techniques

and geometry estimation methods.

5. — VISUALIZATION: Visualization of the 3D mass density map (tomogram).



2.2.3. - ELECTRON TOMOGRAPHY APPLICATIONS

1. - Direct observation with TEM  of isolate similar (not identical) macromolecular structures or

small organelles sufficiently thins.

2. - 3D reconstruction in combination of single-par ticle electron microscopy applied on

cryo-fixed multiples copies of macromolecular complexes embedded in a thin layer of vitrified

buffer. We can use averaging methods with the multiple tomograms containing individual copies

of the macromolecular structure.

The number of particles that have to be averaged has to be high -> with the ribosome to obtain
a resolution of 1nm we need 30000 particles, and to obtain a resolution of 0,3 nm we need
27x30000 particles.

3. - 3D reconstruction of parts of the cellular arc  hitecture in bacteria’s, large viruses, small
cells or regions of cells (< 500-1000 nm in diameter). High voltage 300 or 400 kV and an

imaging energy filter is needed.

Cryo-electron tomography of frozen-hydrated cellular structures at a resolution of 2-5 nm allows
the study of the 3D organization of cellular structural components at a level that is sufficient to

identify individual large _macromolecular assemblies and to visualise connection between

cellular components.

Cryo-electron tomography of frozen-hydrated cellular structures allows the study of:
Cellular architecture
Supramolecular organization

Interactions



2.2.4. - TOMOGRAPHY TECHNIQUE PROBLEMS:

1. - There are physical limits to the maximum tilt angle to obtain useful images -> The increase

in the effective specimen thickness is proportional to

2. - We have to make the reconstruction with imperfect data -> there are presence of noise in
the image pixels values, limited angular coverage and lack of information of the projection

directions.

3. - At high tilt there are multiple scattering events a nd the electrons loss energy
(inelastically scattering). (For unstained biological material observed to 200 kV the maximum

thickness should not exceed 20nm).

Figure 2.21. Distribution of scattered electrons fo r vitreous ice (unscattered electrons, inelastic

scattering and elastically scattered electrons).

4. - Missing wedge : In 3D Fourier space the missing information at angles higher than
a4 has the shape of a wedge and leads to an elongation factor in the z-direction  (for a tilt

range of +65° to -65°, the elongation factor would be 1.5).

Figure 2.22. Single-axis tilt data collection geomet  ry.



Missing pyramid (anisotropic resolution): These effects due to the missing wedge inspired the

development of dual-axis tilt electron tomography.

(a) (b)
Figure 2.23. Coverage of 3D Fourier space inthe ¢ ase of three data collection geometries (a)

single-axis; (b) double-axis, with equal angular in crements.

5. - The major practical obstacle with cryo-tomography is the sensitivity of unstained ice-

embedded samples to the electron beam irradiation because electron tomographic data-

collection has to be done under extreme low-dose conditions (<5000-10000 e/ ). The low-
dose data collection of low-contrast frozen hydrated samples results in a 3D reconstruction with

a very low signal-to-noise ratio SNR.



2.2.5. - TOMOGRAPHIC RECONSTRUCTION SOFTWARE
SOFTWARE DIGITAL MICROGRAPH (GATAN) — 3D Tomography -Acquisition
Plugln:

Gatan provides tomography acquisition software in DigitalMicrograph™ that makes it possible

to collect a tomographic tilt series using TEM, STEM or EFTEM modes of operation.

Figure 2.24. TEM Tomography in DigitalMicrograph. Gatan’s 3D Tomo  graphy Software collecting a tilt
series from a sample of boron nanotubes. The three images on the top right show the focus tracking in
progress, while the three images on th e bottom right show the x,y tracking in progress. T he large image
on the left displays the collected tilt series. The palette on the top right shows the tomography cont rol

interface.

TEM Tomography:

The TEM Tomography software enables collection of data in TEM mode on any microscope
equipped with the following computer controllable components: objective lens, image-shift
deflectors, beam-shift deflectors, and a tilting stage. Drift corrections are performed by means of

the objective lens and image-shift, beam-shift deflectors.



EFTEM Tomography:

The ETEM Tomography software enables collection of data from a microscope equipped with

an energy filter. The microscope must be equipped with the following computer controllable

components: objective lens, image-shift deflectors, beam-shift deflectors, and a tilting stage.

3D Reconstruction:

The Gatan Reconstruction Software provides tools to precisely align the 2D projections
collected by the Tomography Software and generate a 3D volume from the aligned projections.

It is strongly recommended that this software be run on a system with at least 2GB of RAM.

3D Visualization:

The Gatan 3D Visualization Software enables the viewing and interpretation of reconstructed
3D volumes. It is strongly recommended that this software be run on a computer equipped with
a ‘high-end’ graphics card (NVidia or ATI) and at least 2 GB of RAM.

SOFTWARE IMOD:

IMOD is a set of image processing, modelling and display programs used for tomographic
reconstruction and for 3D reconstruction of EM serial sections and optical sections. The
package contains tools for assembling and aligning data within multiple types and sizes of
image stacks, viewing 3-D data from any orientation, and modelling and display of the image
files. IMOD was developed primarily by David Mastronarde, Rick Gaudette, Sue Held, and Jim

Kremer at the Boulder Laboratory for 3-D Electron Microscopy of Cells.

SOFTWARE TOM software toolbox acquisition and analy sis for electron
tomography (Matlab + Image processing Toolbox  ):

Automated data acquisition procedures have changed the perspectives of electron tomography
(ET) in a profound manner. Elaborate data acquisition schemes with autotuning functions
minimize exposure of the specimen to the electron beam and sophisticated image analysis
routines retrieve a maximum of information from noisy data sets. "TOM software toolbox"
integrates established algorithms and new concepts tailored to the special needs of low dose
ET. It provides a user-friendly unified platform for all processing steps: acquisition, alignment ,
reconstruction, and analysis. Designed as a collection of computational procedures it is a
complete software solution within a highly flexible framework. TOM represents a new way of
working with the electron microscope and can serve as the basis for future high-throughput

applications. TOM Toolbox is a package containing Matlab functions (*.m, *.fig).



States(parameters sets) used in the Acquisition Toolbox are:
Search
Tracking
Focus

Adquisition

SOFTWARE TOMOCTF:

Software TOMOCTF is A package for CTF determination and correction in electron
cryotomography. This package implements a method for CTF determination and correction in
electron tomography. The approach to CTF detection and defocus determination is based on
strip-based periodogram averaging, extended throughout the tilt series to overcome the low
contrast conditions found in cryoET, together with a spline-based strategy for background
subtraction. The method of CTF correction deals with the defocus gradient in images of tilted
specimens by decomposing the global restoration problem into multiple local spatially-invariant

problems.

SOFTWARE EM3D:

EM3D is a software application designed to facilitate the analysis and visualization of electron
microscope (EM) tomography data by cellular and molecular biologists. Such data are collected
as a tilt series, a sequence of 2D electron micrographs taken at many tilt angles with respect to

the electron beam.

EM3D features an integrated graphical user interface that automates most of the initial
alignment and reconstruction of the tilt-series data to form a 3D volume. These functions
seamlessly connect with segmentation and model-generation tools that permit the user to easily
and reliably extract specific structural components from the reconstructed volume. The 3D
models can then be visualized and manipulated using an extensive package of surface- and

volume-rendering techniques.

EM3D also provides a set of analysis tools to quantify structural information from the models,
including their moments, proximity relationships, and spatial reliability. Altogether, EM3D
facilitates the analysis of 3D cell structure at the full resolution of a reconstructed volume (2-3

nm).



2.2.6. - TOMOGRAPHY TECHNIQUE EXAMPLES

EXAMPLE 1: ATTAINABLE RESOLUTION FOR LINEAR TILT INCREMENTS
In order to reconstruct a specimen of 50 nm diameter (D) with a resolution of 2nm (d), one

would need 75 projections (N), and a tilt increment 2.4°.

EXAMPLE 2: CRYOTOMOGRAM OF A PARTICULAR STRUCTURE

At 200 kV with a dose of 5000 -8000 e/ the resolution for isolated triad junctions is 5-6 nm.

Figure 2.25. Isolated triad junctions. Stereo-pairs of surface-rendered representation of a

tomographic reconstruction of a triad junction.

EXAMPLE 3: A CRYO-ELECTRON TOMOGRAPHIC RECONSTRUCTION OF
NEUROSPORA MITOCHONDRIA (2000) was carried out by Nicastro and collegues (Max-
Planck-Institute for Biochemistry, Martinsried).

Figure 2.26. (a) A central x-y slice through the re constructed volume. (b) A view of the
reconstruction, showing that the crista membrane th at forms a three-dimensional network of
interconnected lamellae is constantly bound with th e inner boundary membrane (both shown in
yellow). The outer membrane (magenta) is separated from the inner one by a narrow band of
remarkably constant width.



3. - ELECTRON ENERGY LOSS SPECTROSCOPY
(EELS)

3.1. - INTERACTION OF AN ELECTRON BEAM WITH A SPECI MEN

When a high energy beam of electrons interacts with a specimen, the atoms of the specimen
may cause the electrons to decelerate. The Kinetic energy of the electrons is then converted
into other forms of energy. The nature and the spectrum of the energy liberated, as well as the
images formed by the new trajectories of the electron, can be captures by various detectors
attached to the microscope. Such detectors may reveal the atomic composition of the area

struck by the beam of electrons.

When an electron beam strikes a specimen, some of the kinetic energy is converted into various
types of X rays, visible light, and heat. Some electrons may be transmitted through the
specimen with the loss of some energy (inelastically scattered) or no loss of energy (elastically
scattered). Other electrons may be given off from the top of the specimen as high energy
(backscattered) electrons or lower energy (auger, secondary) electrons. These electrons with
loss of energy (inelastically scattered transmitted electrons) may be separated into various
energy levels in an electron energy loss spectrometer (like Wfilter) for determination of
elemental composition.

Incident Electron

" Back Scatter

Electron Secondary

Augek

Elastic Inelastic

~—
Transmitted Electron

Figure 3.1. lllustration of the interaction of an e  lectron beam with a specimen.



3.2. - EELS TECHNIQUE DESCRIPTION

This technique is used to detect and differentiate various energy levels of electrons that have
been transmitted through a thin specimen. The spectrum of electron energies is displayed and
may be used to determine the elemental composition of the atoms in the specimen that caused

the loss in energy of the beam electrons.

TEM

Sector Magnet
Analyser

Detector

Figure 3.2. Principle of spectrum of electron energi es generation in the TEM with energy filter.
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oscope (TEM) with energy filter.

Figure 3.3. Scheme of the transmission electron micr



Differentiation of the various energy levels of electrons is carried out using an electromagnetic
spectrometer (Wtype filter) placed in column of the microscope. In the W filter lower energy
electrons are deflected to a greater degree than are high energy electrons, so that the focal
points of the various energy groups of electrons are physically separated. A movable plate with

a narrow slit is positioned to permit electrons of a specific energy range to pass into a detector.

specimen

E,DE  E,+DE

Zero Loss image DE Loss image

Figure 3.4. Ray diagram of filter (Energy dispersion)

The range of energy loss for the 200 kV beam electrons is from 100 to 1000ev and the
resolution of the W filter spectrometer is better than 5 eV.

The filter spectrometer is controlled by the JEOL microscope software when we select the
different special functions:

Figure 3.5. Filter Tuning window



3.3. - APPLICATION OF THE ELECTRON ENERGY LOSS SPEC TROSCOPY

- Energy Loss Image: Form the image by selected energy loss change of energy spectrum
with the slit of the microscope:

- Improvement of quality and contrast of Zero loss im age: Improve contrast subtracting the
plasmon loss electrons for the observation of very low contrast sample and very thick sample:



- Elemental analysis : Direct observation of TEM spectrum image (Energy loss spectrum:
Lattice vibration, Plasmon and Core-loss)




ELECTRON MICROSCOPY
PLATFORM TECHNICAL SUPPORT



4. - ELECTRON MICROSCOPY PLATFORM

EQUIPMENTS
4.1. - JEM-1230 MICROSCOPE (JEOL)

Figure 4.1. JEM 1230 JEOL Microscope.

4.1.1. - CHARACTERISTICS

Cryo-electron microscopy:
For Cryo-electron microscopy the microscope has the anti-contamination device greatly reduces
specimen contamination due to electron beam irradiation. It is therefore extremely useful to use
this device when observing specimens such as those that are very precious and will be stored
after microscopy, those that require high magnification and high resolution, and those that serve
for micro-area analysis studies. Also, even in normal microscopy, the device is convenient to

use when you require more time to search for desired fields of view and to focus images.



Figure 4.2. Anti-contamination device

Low-Dose Electron Microscopy technique:
The MDS (minimum dose system) is a function which enables you to take photographs with a
minimum dose of illumination. It uses the Search mode (used to search for the field of view with
a low magnification), the Focus mode (used to focus the image at the position near the

photographing position) and the Photo mode (used to take a photograph).

Figure 4.3. MDS option in the JEM-1230 software



Image detector:
ORIUS SC1000 cooled slow-scan CCD (charge-coupled device) camera GATAN (4008x2672
pixels). In cooled CCD camera for TEM the electrons are converted into photons by means of a
scintillation screen at the entrance of the camera and we need to known the sensitivity and the
resolution. The CCD chip in the camera is cooled to reduce electronic noise in the images. The
conversion from an electron distribution to an image intensity distribution is described by a

point-spread function.

Figure 4.4. ORIUS SC1000 cooled slow-scan CCD camera GATAN (4008x2672 pixels).

120kV Tungsten Electron Gun (100 hours)

Figure 4.5. Scheme of the Tungsten Electron Guninth e JEM-1230 microscope



4.2. - JEM- 2200 FS MICROSCOPE (JEOL)

Figure 4.6. JEM-2200 FS JEOL microscope

4.2.1. - CHARACTERISTICS

The JEM-2200FS (Cryo stage configuration) combines a 200kV field emission gun (FEG) and
an in-column energy filter (Omega Filter) to produce a high-end, optimally configured TEM for
energy filtered imagery.

Cryo-Tomography technique

Low-Dose Electron Microscopy (improved)

The MDS photographing technique in which while searching for a field of view the area to be
photographed is not illuminated by the electron beam considerably reduces the total amount of

electron beam irradiation on the specimen and, consequently, protects the region to be



photographed from contamination or damage by electron-beam irradiation. The MDS technique
includes Mode Search, Mode Focus, and Mode Photo Set. When you switch between Search,
Focus and Photo Set modes, however, be sure to switch them in the sequence Search

Focus Photo Set Search. The microscope stores the settings in memory, but we

recommend readjusting these settings each time you use the MDS technique.

Figure 4.7. MDS window in the JEM-2200 software



ULTRASCAN 4000 SP CCD camera GATAN (4008x4008 pixel s)
It is the first digital camera system with the potential to replace film as a recording medium in the
TEM. New technology has been introduced at every stage of the imaging process to improve

resolution, sensitivity, dynamic range, linearity and speed of operation.

Figure 4.8. Scheme of the ULTRASCAN 4000 SP CCD camera GATAN (4008%x4008 pixels)

installation.

™
An UltraScan Reference Series camera acquires an electron microscope image into a

computer in four stages. First a scintillator converts the electron image into a high-resolution
light image. Then a fused fiber-optic plate captures the light from each point in the image and
channels it to the CCD. The CCD then converts the transferred light image into a second
electron image. Finally, the CCD shifts that image charge row by row to the low-noise output

amplifier, readout electronics and digitizer.

When DigitalMicrograph is launched, you will see the commonly used tools (left side), the Image
Acquisition and Saving tools (right side), and the Result window. These tools are composed by

“floating” windows fully stackable to allow customization.



Figure 4.9. DigitalMicrograph Workplace



200KV field emission gun FEG GUN

Figure 4.10. Scheme of the field emission FEG gunin  the JEM-2200 microscope



In-column energy filter (Omega Filter ( ) - EELS)

Figure 4.11. Layout of lens, deflector and stigmato  r coils and ray diagrams of image-forming
system (MAG mode).



4.3. - VITROBOT (FEI

It is used when small objects, such as biomacromolecular complexes, are studied in a free

hanging layer of sustaining medium. This medium is vitreous ice in cryo-EM.

Preparation of vitrified specimens:

Special measures may be necessary in order to obtain an optimally thin ice film that is of
constant thickness over a hole. The distribution of the aqueous solution over a grid, that over a
hole, and the thickness of film within a hole will depend on, among other factors, the surface
properties of the foil, i.e. its wetting properties, and on the relative humidity of the environment

after blotting and before freezing.

The relative humidity around the specimen can be influenced by a flow of humid air or with an
environmental chamber. A relative humidity of 100% can be attained with the environmental
chamber of the Vitrobot (Maastricht Instruments BV, The Netherlands). The Vitrobot is a fully
PC-controlled device for vitrification of aqueous samples. The vitrification robot yields optimally
thin ice films with a constant thickness over a hole and consequently with a homogeneous

particle distribution.



4.4. - HIGH VACUUM COATING SYSTEM (GLOW-DISCHARGE / CARBON
EVAPORATION) MED 020 (BALTEC)

- Glow discharge (ETCH Process): Untreated cupper grids tend to be hydrophobic.
Hydrophillicity of the foil can be achieved by glow discharging in residual air or by metal coating.
The degree of hydrophilicity can be influenced by glow-discharging in residual air, at which
parameters such as the duration of glow-discharging and the time elapsed before specimen

preparation, can be varied.

Glow discharge equipment is used to clean the substrate surfaces which are to be coated in
order to improve the adhesiveness of the coating layers as well as for the hydrophilization of

carbon support films.

The glow discharge equipment consists of an insulated, suspended glow discharge electrode

made of aluminium connected to high voltage. In a air pressure of 2° 10~ mbar, select the
TIME 15s, increase glow discharge current to a maximum of 10mA, and switch on glow
discharge process by pressing the key PROCESS ON.

- Carbon evaporation on the grid with collodion pla stic (EVAP 8V Process): For the
Negative Staining technique we prepare the carbon-coated copper grids in two steps:

1.- First we put a plastic layer (solution 1% collodion in amyl acetate) upon the copper grids.

2.- The second step is to evaporate a carbon rod on the grid with the aid of the coating system.
We introduce the grids (with the plastic) into the vacuum chamber and place the carbon-rod
prepared for the evaporation. After degassing the carbon rod and selecting the EVAP 8V
process, we evaporate the carbon rod by resistance evaporation (in the maximum vacuum

possible) over the grids.



4.5. - GRIDS

C-flat™ Holey Carbon Grids for cryo-TEM (CF-224C PR OTOCHIPS):

C-flat™ is an ultra-flat, holey carbon-coated TEM support grid for transmission electron
microscopy (TEM). C-flat™ is manufactured without plastics, so it is clean upon arrival and the
user has no organic residue to contend with. As a result, C-flat™ does not require excessive
cleaning in plasma, solvents or acids prior to use. C-flat™ provides an ultra-flat surface that
results in better particle dispersion and more uniform ice thickness leading to higher quality data

and ultimately higher resolution.

C-flat™ holey carbon grids provide the ideal specimen support to achieve high resolution data
in cryo-TEM making them an ideal choice for single particle analysis, cryo electron tomography

and automated TEM analysis.

2pum hole sizes are standard but custom hole sizes are available so C-flat™ can accommodate

the common magnifications used for quantitative TEM analysis.

C-flat™ is a holey carbon film supported by a standard TEM grid. C-flat™ products are fully
specified by 4 parameters: the hole diameter and pitch of the holey carbon film and the material

type and mesh size of the TEM grid. The following image illustrates these parameters:



Figure 4.12. C-flat™ parameters

C-flat™ is immediately available in several standard array patterns including hole
diameters/hole spacings of 0.6/2, 1/1, 1/2, 1/4, 1.2/1.3, 2/1, 2/2, 2/4, 4/2, and a multihole
pattern. C-flat™ is supported by your choice of a 200 mesh or 400 mesh copper TEM grid.

OUANTIFOIL®R 2/4 Holey Carbon Grids for cryo-TEM (0250-CR4 QUA NTIFOIL)
(hole size=2um, space=6um, hole shape=R2/4):

QUANTIFOIL ® is a perforated support foil with pre-defined hole size, shape and arrangement.
QUANTIFOIL ® is offered with circular and square, orthogonal arranged holes. Films with
different hole sizes and bar widths are available. Carbon is the [cetone [ material that makes
the foil.

QUANTIFOIL R 2/4 with circular holes is used in cryo-electron tomographic reconstruction. The
roundness of the holes is advantageous with respect to the formation of an ice layer of constant
thickness. The whole size chosen depends on the magnification used, and on whether or not
one wishes to include support film in the image. QUANTIFOIL® R 2/4 may be preferred over R
2/2, when an increased tolerance with respect to the position of beam, and a larger beam

diameter are desired, such as in the case of automated image acquisition.



QUANTIFOIL® holey carbon film is available with different hole sizes, shapes and
arrangements. In the final stage of the production process of QUANTIFOIL® holey film, carbon
is evaporated onto a plastic holey film, and the plastic is dissolved. The grids are washed with
chloroform, ethylacetat and [ cetone. However, not all plastic can be removed. Therefore, the
final thickness of the foil is about 20 nm, although only 10 nm of carbon is evaporated onto the

plastic.

QUANTIFOIL® with circular holes is mainly used in cryo-EM. The roundness of the holes is

advantageous with respect to the formation of an ice layer of constant thickness.

QUANTIFOIL® greatly simplifies the carrying out of low-dose procedures. The location of the
area(s) used for focussing, relative to the area that is recorded, need(s) to be set only once for a

specimen.

Figure 4.13. QUANTIFOIL R 2/4



4.6. - CRYO TRANSFER SYSTEM (GATAN)

TEM cryotransfer holders are primarily used to reduce specimen damage caused by the
electron beam and to observe biological macro-molecules in the hydrated state. Sensitive
biological and polymer specimens are rapidly frozen, loaded into the cryotransfer holder in a
special liquid nitrogen cooled workstation and transferred to the microscope goniometer.
Specimens are protected from frost and warming during transfer by a shutter, which totally

encloses the specimen.

Model 626.DH Holder:
The 626.DH cryotransfer system is an apparatus used to transport frozen specimens from a
cryostation to a transmission electron microscope. The specimen tip is designed to achieve

% 60° of tilt in most biological pole piece gaps.

The specimen holder is basically a copper rod with a specimen recess at one end and a liquide
nitrogen dewar at the other end. The complete specimen tip is cooled and maintained at low
temperature in the electron microscope (with liquid nitrogen). Gatan cooling holders achieve
their high mechanical stability by conduction cooling from well-insulated, bubble-free dewars.

The aluminum-copper dewar is vacuum insulated.



Model 914 High tilt Tomography Holder:

The 914 High Tilt Cryotransfer System is an apparatus used to transport frozen specimens from
a cryostation to a transmission electron microscope. The specimen tip is designed to achieve
+ 80° of tilt in most biological pole piece gaps. This helps to crate Tomograms of frozen
samples for biological or polymer application. The 914 holder maximises the area of specimen

which is visible at high tilts

It has a specially designed specimen tip that uses a lower profile Clipring to achieve higher tilt in

the same group of pole pieces as the standard system.

Model 900 SmartSet:
The Model 900 SmartSet Stage Controller is used for temperature control of any Gatan DH
(Dual Heater) cooling holder. The unit works with liquid nitrogen cooled systems. The model

900 has two automated cycles “Warm-up” and “Zeolite”.

The “Warm-up Cycle” will heat the holder to allow it to be removed from the microscope without

frost after a cooling experiment.

The specimen holder tip temperature is monitored by a calibrated silicon diode. The copper
conductor rod connecting the specimen holder tip to the nitrogen dewar contains an electric
heater to control the specimen temperature and permits adjustment of the specimen

temperature over a range of 90C to -196<..

The “Zeolite Cycle” is a two hour timed bake out cycle of the holder and dewar for regenerating

the molecular sieve material.



Model 655 Dry Turbo Pumping Station:

The Model 655 is a completely self-contained, compact, bench top pumping station designed for
TEM applications. It incorporates the latest diaphragm pump and turbo drag pump technologies
to produce a clean vacuum in the 5E -6 Torr range. Pumping times from atmosphere to near
base pressure are typically less than 2 minutes; pressure monitored by a simple, reliable CC
gauge.

The sample storage module offers a simple and efficient solution to the prevention of corrosion

and contamination of critical TEM samples (copper technology) while waiting microscope time.



5. - ANNEXE
5.1. - ELECTRON MICROSCOPE CHARACTERISTICS

There are two basis types of Microscopes: Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM). The SEM reveals surface features while the TEM

reveals internal details.

Figure 5.1. The basic differences between the trans  mission electron (TEM) and scanning electron

(SEM) microscopes.

Transmission Electron Microscopy (TEM) description:

In transmission electron microscopy (TEM), a beam of highly focused electrons are directed
toward a thinned sample (<200 nm). These highly energetic incident electrons interact with the
atoms in the sample producing characteristic radiation and particles providing information for
materials characterization. Information is obtained from both deflected and non-deflected

transmitted electrons, backscattered and secondary electrons, and emitted photons.

Because the electron beam goes through the sample, transmission electron microscopy reveals
the interior of the specimen. It gives structure: the size, shape, and the distribution of the
phases that make up the material. It gives composition: the distribution of the elements,

including segregation if present.



Figure 5.2. lllustration of image and diffraction f ~ ormation in the TEM.



Wavelength of an electron: / =— where V is the accelerating voltage.

7

At an accelerating voltage of 60 kV / » and the resolving power should be

» . In fact the actual resolution of a modern high resolution TEM is

»

Really the extremely narrow aperture angles needed by the electron microscope lenses
produce a major resolution limiting due to distortion phenomenon called spherical

aberration and to diffraction phenomenon’s like chromatic aberration and astigmatism .

Electromagnetic lenses:
An electron accelerated through a vacuum will follow a helical path when it passes through a
magnetic field generated by a coil of wire (solenoids) with a direct current (DC) running through
it.

Figure 5.3. Single electron passing through electrom agnetic lens. The electron is forced by the

magnetic field to follow a helical trajectory that will converge at a defined focal point.

Objective lens characteristics:
Focal length of a electromagnetic lens: It is possible to change the focal length of an

electromagnetic lens by changing the amount of DC current running through the coil of wire:

= — . We can change the focal lengths by varying the current running through the lens

coil and we change the focus and the magnification.



For high resolution the focal lengths are 1-2 mm. Smaller objective aperture increase the depth
in the specimen that is in focus:

Depth of field =

Figure 5.4. Depth of field (D ) occurs in the object plane, while depth of focus (D ) refers to the

depth in the image plane that is in focus. Inthe b ottom figure, note that an aperture increase both
the depth of field and depth of focus.

The Efficiency of the electromagnetic lens can be greatly improved by concentrating the
magnetic field strength close to the path of the electrons. The strength of the lens can be further
increased by concentrating the magnetism to an even smaller area inside the lens bore by

means of a cylindrical polepiece (consist of upper and lower cores of soft iron held apart by a

nonmagnetic brass spacer).

Figure 5.5. Diagram of electromagnetic lens showing the polepiece inside bore of lens.



The north and south cores of the polepiece are bored much smaller than the polepiece liner and
must be as symmetrical as is mechanically possible in order to achieve high resolution. The

polepiece is different depending of the configuration of the JEOL FS-2200 microscope:

Figure 5.6. Different configurations of the JEOL FS  -2200 microscope with different polepieces.

Condenser lens characteristics:

Larger condenser apertures give more illumination but with more spherical aberration.

Projector lens characteristics:
The projector lens have great depth of focus (the final image remains in focus for a long
distance along the optical axis). The magnification will increase as one moves farther away from

the projector lens.

Defects in lenses:
A number of imperfections in lenses may reduce the resolution (resolving power) because the
polepiece is not perfect. Astismatism: results when a lens field is not symmetrical in strength,

so that only part of the image will be in focus at one time.



Figure 5.7. Astigmatism in a lens

It is necessary to correct astigmatism with the stigmator (can be found in the condenser ,

objective and intermediate lenses).

Chromatic aberration: results when electromagnetic radiations of different energies
(wavelengths) converge at different focal planes. It results in the enlargement of the focal point

with a loss of resolution.

Figure 5.8. Chromatic aberration in glass lens.

Chromatic aberration can be corrected by using a monochromatic source of electromagnetic
radiation (stabilizing the accelerating voltage, having a good vacuum and thin specimens) to

insure the electrons were of the same energy level.

Spherical aberration: is due to the geometry of the electromagnetic lenses such that rays

passing through the periphery of the lens are refracted more then rays passing along the axis.



The various rays do not come to a common focal point, resulting in a enlarged, unsharp point

(circle of confusion).

Figure 5.9. Spherical aberration in a lens. The sph  erical aberration is corrected with an aperture to

cut out peripheral rays.

Spherical aberration may be reduced by using an aperture to eliminate some of the peripheral

rays. With smaller condenser lens aperture  improve the resolution.



5.2. - CONTRAST TRANSFER FUNCTION (CTF) CORRECTION

The description of the relationship between observed image contrast and projected object
potential, and the way this relationship is influenced by electron optical parameters, or the
characterization of the image degradations introduced by the electron microscope as an image-

forming system, is the subject of the contrast transfer theory.

The main effects of the contrast transfer function CTF on the image, as compared to those of
ideal contrast transfer [i.e., CTF(k)=1], can be described as a combined low-pass (i.e. resolution
limiting) and high-pass filtration (band-pass filtering). Another way to describing the effect of the
CTF is by the appearance of the associated point spread function 2DTEM-PSF (inverse FT of
the instrument CTF), which describes the way a single point of the object would be imaged by
the electron microscope. The typical point spread function is responsible for the “ringing” (i.e.

appearance of Fresnel fringes along the borders of the object).

The contrast transfer function CTF leave a “signature” in the diffraction pattern of a carbon film
and before a micrograph can be considered in the digital processing, its diffraction pattern
should first be analyzed. The contrast transfer function is determined by using automated
computer-fitting methods. A theoretical CTF pattern is matched with the experimental power

spectrum using an iterative nonlinear least squares fitting method.

The simplest correction of the CTF is by “phase flipping”, which assures that the modified image
transform has the correct phases throughout the resolution domain. More elaborate correction
method is the Wiener filtering, in which not only the polarity (i.e. the phases) but also the

amplitudes of the CTF is compensated throughout the resolution range.

The fidelity of the restoration is limited by the presence of resolution limiting envelope terms and

the presence of noise.

CTF correction is carried as part of the 3D reconstruction procedure.

Noise Correction:
It is necessary correct the noise in the reconstruction process. The noise is due to electron
counting, specimen embedding, supporting material, photographic emulsion and grain, and the

scanning device.
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