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A B S T R A C T

Electron cryomicroscopy (cryo-EM) is a powerful tool in structural biology for deter-

mining 3D structures of macromolecular complexes. In the previous decade, many tech-

nological advancements have been introduced to improve the methodology of single

particle cryo-EM, and hence the resolution of its protein reconstructions. These advance-

ments include developments in both software algorithms and microscope hardware. De-

spite all these developments, the resolution of single particle cryo-EM cannot surpass

1.5 Å, a barrier blocking direct visualization of atomic details of the protein structure.

Here, we show that by improving the optical performance of the electron microscope

with new hardware, such resolution barrier can be removed, and atomic resolution of

1.25 Å can be reached with an engineered protein apoferritin. The atomic resolution

protein structure helped set benchmarks for validating data quality in high resolution

cryo-EM. We found that the new microscope also benefited to other proteins with lower

contrast and higher flexibility, such as proteasome, chaperonin and fatty acid synthetase.

For these proteins, sample properties and behavior were the major limitations. We antic-

ipate that this would be alleviated by introducing other new microscope hardware, so

that in the future, time and effort of structural biologists can concentrate on biochemical

preparation of the sample, and single particle cryo-EM can routinely yield high quality

protein structures at atomic resolution.
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1
I N T R O D U C T I O N

1.1 electron cryomicroscopy as a method in structural biology

Macromolecular assemblies carry out respective biochemical reactions for metabolism

and maintenance of life. The nature of these reactions can be revealed only if one knows

how a protein interacts with its substrates. Together with other biochemical and kinetic

experiments, these dynamics can be mapped when the structures of the proteins are

known.

The structure of proteins can be divided into 4 different levels (see Figure 1.1). The pri-

mary structure of a protein refers to its amino acid sequence as a polypeptide chain [92],

while the secondary structure of a protein refers to a regular local substructure defined

by the network of hydrogen bonds within the peptide backbone, such as α-helices and

β-sheets [80]. Whereas the tertiary structure of a protein describes the 3D structure of a

single polypeptide chain, the quaternary structure of a protein describes the overall 3D

structure of the biological assembly with multiple polypeptide chains [67] [8].

Figure 1.1: Different levels of protein structure. An example primary structure of the protein, a short

amino acid sequence, is shown (first panel). Parts of the polypeptide chain can form local substructures,

namely secondary structure, such as α-helix (upper, second panel) and β-sheet (lower, second panel). The

tertiary structure refers to the 3D arrangement of a single polypeptide chain (third panel). The quaternary

structure describes how the whole biological unit is assembled from multiple polypeptide chains (forth

panel).

1



2 introduction

Surrounding the protein surface is a layer of water molecules, named the hydration shell,

which is crucial in maintaining the structure and function of the protein [18]. The water

molecules in the hydration shell have slower dynamics compared to the bulk solvent,

and mostly are structural waters retained in their positions [34]. These structural waters

are the major key players in biochemical catalysis, along with some other inorganic ions

and small organic molecules [2]. Using hydrogen atoms as charge carriers, water and

polarized amino acids in the protein facilitate chemical reactions by transferring elec-

trons with hydrogen bonds [24]. Therefore, in order to directly visualize the catalytic

mechanisms of proteins, one must aim to map the water molecules and identify the

positions of the hydrogen atoms accurately in a resolved protein structure.

There are 3 established methods in the field of structural biology, namely nuclear mag-

netic resonance spectroscopy (NMR), cryo-EM and X-ray crystallography (XRC). NMR

measures the magnetic fields of atomic nuclei by exciting the liquid sample with radio

waves so that the chemical environment of the protein could be identified [60]. On the

other hand, XRC measures how X-ray waves are scattered by the crystal and the elec-

tron density of the protein could be derived from the observed diffraction pattern [37].

Similar to XRC, cryo-EM also utilizes wave scattering to extract information from the

protein [79]. However, instead of using X-rays, cryo-EM measures the electric potential

of the protein with electron waves. Each of these techniques has its own advantages and

shortcomings. For instance, NMR can track protein dynamics but is strongly limited by

molecular weight [56], XRC can produce high resolution electron density maps but not

every protein can crystallize easily [55], whereas cryo-EM can visualize existing mul-

tiple conformations of a protein in its native state in one time of sampling but suffers

from resolution anisotropy [15].

In recent years, cryo-EM has received increasing attention as the advancing technologies

of both microscopic hardware and software become more sophisticated and accessible

to users [3] (see Figure 1.2). Also, sample preparation in cryo-EM is relatively easy: a

grid where the sample floats on only requires 3 - 4 µL of protein solution in small

concentration ranging from 50 nM - 5 µM [111] (for details, see Section 2.1). In most

cases, one sample grid can already yield a large enough data set to obtain a protein

reconstruction of interpretable features when the sample itself is optimized. Therefore,

for many structural biologists, cryo-EM is a very desirable method to use.
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Figure 1.2: Number of entries from EMDB released yearly and culmulatively. Number of protein struc-

tures obtained with cryo-EM released in EMDB both yearly (blue) and culmulatively (black) are shown.

Note that there has been dramatic increase in entries per year since 2016 when direct electron detectors

(DEDs) became available on market [71]. Data was retrieved from [3].

As the method became more mature and wide-spread, many technical improvements

were introduced to attempt pushing forward the attainable resolution limit of cryo-EM.

For instance,

• the development of DEDs yields images of higher signal-to-noise ratio (SNR) and

therefore a higher detective quantum efficiency [43],

• the development of new microscope optical elements allows acquisition of data

with a higher quality [128] [46],

• the development of microscopic software packages enables automated data acqui-

sition with higher throughput and stability [102] [70],

• the development of various computation strategies allows semi-automated data

processing for image restoration and structural determination [83] [45] [98], and

• the development and software integration of graphics processing units (GPUs)

allow fast calculations of reconstructed volumes with high complexity [17].
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With all these advancements over the years, the reported highest attainable resolution of

cryo-EM maps has been constantly improving [4] (see Figure 1.3). In 2019, the introduc-

tion of the cold field emission gun (FEG) technology allowed cryo-EM to hit near-atomic

resolution at 1.54 Å [46]. However, at such resolution it is still not possible to visualize

the presence of hydrogen atoms which are the key players in a biochemical catalysis.

Therefore, in order to directly visualize the atomic details of protein chemistry with

cryo-EM, there is a need for more technical improvements to push further the cryo-EM

resolution limit.

Figure 1.3: Highest resolution entry from EMDB released from single particle analysis per year. Owing

to the technical advancements in the past decade, the resolution of protein structures obtained with cryo-

EM is growing every year and is reaching near-atomic resolution. Until 2019, the highest resolution record

from single particle cryo-EM is 1.54 Å [46]. However, that is still not enough to visualize the presence of

hydrogen atoms in the cryo-EM map. Data was retrieved from [4].
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1.2 principles of electron microscopy

Before exploring the possibilities of any further achievable technical improvements, it is

necessary to establish an understanding of the current methodology. This section will

briefly introduce the theoretical basis of imaging with electron microscopy, and the basic

architecture of a commercially available standard transmission electron microscope.

1.2.1 Electron-matter Interaction

The general physical principle of electron microscopy relies on the electron-matter in-

teractions [29]. The thin specimen inside the microscope can be considered as multiple

layers of atoms, and they produce a scalar potential that interacts with electrons. This

Coloumb interaction primarily changes the direction of the incident electron as it trans-

verses through the specimen, and this phenomenon is called scattering. The scattered

electrons carry valuable information of the specimen. The angle where the scattered

electrons are collected determines the category of the spectroscopic method, and the

type of information it carries (see Figure 1.4).

Figure 1.4: Possible electron-matter interactions. Examples of electron-matter interactions are shown.

Whereas in scanning electron microscopy (SEM) the back scattered electrons are collected, electrons trans-

versed through the specimen are collected in transmission electron microscopy (TEM).
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In TEM, electrons passing through the specimen are collected by the detector located

behind the specimen plane. When the kinetic energy of the electron is conserved during

the scattering process, the event is considered elastic. In contrary, when the kinetic en-

ergy of the electron is not conserved, the event is considered inelastic. Scattering changes

the path length of the incident electron and thereby causes a phase shift that plays an im-

portant role during image formation. Whereas elastic scattering provides interpretable

image information, inelastic scattering mostly contributes to noise in the image as it

damages the specimen through energy transfer [75].

1.2.2 Image Formation Theory

The following section explains the theory of image formation in high voltage TEM with

phase-object-approximation (POA), assuming that inelastic scattering and backscatter-

ing are negligible, and that an incident electron wave Ψ0 passing through a specimen

would only experience a phase shift ϕ [42]. For a specimen that carries a different

Coulomb’s potential at each point, it can be expressed as the following function:

S(r) =

∫+t/2
−t/2

Φ(r, z)dz (1)

where r is a 2D vector ( xy ), t is the thickness of the specimen and Φ(r, z) is the distribu-

tion of Coulomb’s potential of the specimen along the optical axis z.

The exit wavefunction Ψex is then a modulation of Ψ0 with S(r) :

Ψex(r) = Ψ0e
iϕ = Ψ0e

iσS(r) (2)

where σ = 2πmeλe
h2

, with me, e, and λe being the relativistic mass, charge and wave-

length of the incident electron, and h is the Planck’s constant.

For a finite σS(r), Equation 2 can be expressed by a Taylor series:

Ψex(r) = Ψ0

[
1+ iσS(r) −

σ2

2
S2(r) + ...

]
(3)
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As biological sample contains mostly light elements, namely carbon, nitrogen and oxy-

gen, the electric flux is very small so that ϕ = σS(r) � 1. Based on this assumption,

which is called the weak-phase-object-approximation (WPOA), a linear approximation can

be applied to Equation 3 [74]:

Ψex(r) ≈ Ψ0 [1+ iσS(r)] (4)

The image intensity I(r) observed can then be given by the following probability density

of locating the electron on the detector plane:

I(r) = Ψex(r)Ψex
∗(r) = |Ψex(r)|

2 = 1− [iσS(r)]2 (5)

where Ψex
∗ is the complex conjugate of Ψex.

However, due to physical limitations in TEM instrumentation, the image of Ψex is not

perfectly reproduced on the detector plane. Instead, each point is smeared to a blob of

density even when it is focused. Therefore, the observed exit wave function Ψobs(r) is

rather expressed as:

Ψobs(r) = Ψex(r) ? PSF(r) = Ψ0 [1+ iσS(r)] ? PSF(r) (6)

where PSF(r) is called the point spread function (PSF) that describes how spatially a point

is blurred due to imperfection of the imaging system (for details, see Section 1.4.2).

In fact, calculating convolution in real space is very computationally costly. However,

with a Fourier transform, signal from the real space is decomposed into multiple func-

tions in the frequency domain, which is also called the reciprocal space. With this oper-

ation, convolution is then expressed as simple multiplication which is much easier to

compute. Also, PSF(r) can be considered as an artefact majorly from the imperfect mag-

netic lens that introduces extra frequency-dependent phase errors χ(~R), which is also
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named the wave aberration function. Therefore, by the convolution theorem, the Fourier

transform of Equation 6 can be described as:

F{Ψobs(r)} = F{Ψex(r)} ·F{PSF(r)} = Ψ0
[
δ(~R) + iσF(~R)

]
· e−iχ(~R) · E(~R) (7)

where δ(~R) is the Dirac delta function, F(~R) is the Fourier transform of S(r), namely the

structure factor, e−iχ(~R) is the Fourier transform of PSF(r), called as the contrast transfer

function (CTF) and E(~R) is the envelope function.

Using the Euler’s formula, the CTF can be rewritten as:

e−iχ(
~R) = cos

[
χ(~R)

]
+ i sin

[
χ(~R)

]
(8)

Within the WPOA, from Equation 4, only the imaginary part of the CTF contributes to

the phase contrast in the TEM image. Based on this, the Fourier transform of the image

Iobs(r) observed on the detector plane is then given by:

F{Iobs(r)} = F{Ψobs(r)Ψobs
∗(r)} = δ(~R) + 2σF(~R) sin

[
χ(~R)

]
· E(~R) (9)

From Equation 9, it can be deduced that image formation in TEM involves 2 major

components: (i) δ(~R) denotes the interference from the unscattered beam and (ii) F(~R)

denotes the interference from the scattered beam carrying information of the specimen.

It also tells that extra phase shift can be further introduced by manipulating the CTF

with the lens component χ(~R), which is particularly useful for imaging proteins as they

display low contrast. The overall information transfer is capped by the existence of E(~R).

1.2.3 Contrast Transfer Function

The CTF for phase contrast, sin
[
χ(~R)

]
, describes how the phase of the scattered beam

changes with respect to the unscattered beam, while χ(~R) itself describes how an aber-

rated wavefront deviates from an ideal spherical wavefront in the back focal plane. Op-

tical aberrations from the lenses, predominantly from the objective lens, contribute to
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Figure 1.5: Image formation in TEM. Based on POA, the incident wave Ψ0 passing through the specimen

S(r) experiences a phase shift ϕ = σS(r), and this is denoted as the exit wave Ψex. However, due to

instrument imperfection, the observed exit wave Ψex is degraded by the PSF(r) when it is focused by the

lenses on the camera, yielding a non-ideal image Iobs(r).

this extra phase shift, and each of the aberrations can be effectively modelled by the

expansion of χ(~R). For instance, conventionally, the CTF is described as [122]:

CTF = sin
[
− 2π

(1
2
∆λe~R

2 −
1

4
CSλ

3~R4
)]

(10)

where ∆ is the defocus, CS is the spherical aberration coefficient and λe is the wave-

length of electrons. Further expansion of χ(~R) to include higher power of ~R can model

more lens aberrations coefficients, namely the higher order aberrations. However, they will

only matter when the resolution of the TEM image is high enough. Nonetheless, the ex-

istence of ∆ shows that imaging further away from focus, i.e. defocusing, can introduce

more phase shift, and eventually increase image contrast which is particularly useful

for life science imaging.

The sinusoidal nature of the CTF implies that information of different spatial frequen-

cies oscillates between positive and negative contrast, with some zero-crossings. There-

fore, for efficient image processing, the CTF parameters are estimated by fitting the lens

aberration coefficients described in Equation 10 to reproduce a rotational average of the

image 2D Fourier transform, so that based on the estimated CTF, the phase information

can be flipped to display the same contrast. This operation is named CTF correction. By

convention, protein features in cryo-EM images should be shown in a darker shade than

the background of vitreous ice.
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However, CTF correction does not recover information that is lost in the zero-crossings.

Therefore, it is required to take cryo-EM images with a range of defoci, such that with

the summation of the images, the information in all spatial frequencies can be recovered.

1.2.4 Anatomy of a Standard Transmission Electron Microscope

The microscope is a complex instrument that allows focusing of an electron beam onto

the specimen for information extraction and subsequently onto the detector for data

collection. The following section briefly describes the architecture of a standard TEM

used for life science imaging. The schematic diagram below illustrates graphically the

location of several important components in a standard TEM: (i) the source, (ii) the

condensor lens system, (iii) objective lens, (iv) projector lens system, and (v) the detector

(see Figure 1.6).

Figure 1.6: Basic architecture of a standard TEM. A simplified schematic diagram of a TEM column

is shown. The electron beam is first emitted from the FEG and accelerated to high voltage through the

accelerator stack, then the illumination is controlled by the condenser lenses. The pair of objective half

lenses is responsible to direct the beam onto the specimen and forms the first image from electrons exiting

the specimen. At last, the image is enlarged by the projector lenses and recorded by the detector.

1.2.4.1 The Electron Source

The source where the electron is emitted from is positioned on top of the microscope.

There are 2 types of source: thermionic emission and field emission. Thermionic emis-

sion involves heating of the source element so that it gains enough energy to overcome
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its work function [7], whereas field emission releases electrons by application of an

electric potential across the cathode and anode. Commonly used thermionic sources in-

clude tungsten filament and lanthanum hexaboride (LaB6) crystals. However, many life

science TEMs nowadays use field emission sources such as a Schottky type FEG or a

cold FEG. A Schottky type FEG is a combination of thermionic and field emission. The

thin tungsten needle of the Schottky type FEG is coated with a layer of zirconium oxide

(ZrO2) to increase its electrical conductivity through heating to assist electron emission

[108], whereas a cold FEG tunnels electron only by the electric field [109]. To help focus

the electron beam, an element called the Wehnelt cylinder, held in a potential even more

negative than the gun itself, surrounds the gun and brings the beam to a crossover

[5] (see Figure 1.7). Then, the beam is accelerated by a voltage up to 300kV with the

accelerator stacks.

Figure 1.7: Formation of the electron source in a TEM. Electrons are emitted from the source, as exem-

plified by a FEG here, and the electron beam is shaped by the Wehnelt cylinder to form a first crossover.

Dotted lines denote the equipotential lines.

1.2.4.2 The Column

The magnetic lenses located inside the column control the illumination of the system

(see Figure 1.6). The first condenser lens controls the maximum dose of electrons, while

the second and third lenses work in pairs to change the beam size while keeping a

parallel illumination. The beam is then collected by the upper polepiece of the objective

lens and directed onto the specimen, whereas the image is formed by the lower pole-

piece of the objective lens. Lastly, the image is majorly magnified by the projector lenses.

However, these round lenses are not the only optical elements inside the column. Due to

technical difficulties to manufacture a perfectly symmetrical cylinder and the unavoid-

able problem of material inhomogeneities, the magnetic lenses often have local varia-
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tions in resistivity and thus the resultant magnetic flux density [125]. Therefore, most

of the lenses in the microscope have components to correct for these deviations and

maintain the optical performance (see Figure 1.8). To correct for beam shift and beam

tilt, pairs of deflectors perpendicular to the electron beam are installed to compensate

for beam displacement [133], whereas to correct for astigmatism (for details, see Section

1.4.2), stigmators are located under the round lens to compensate the non-rotationally

symmetric magnetic field [9]. On the other hand, thermal effects are minimized by cool-

ing the lens via the surrounding water cooling channels.

Figure 1.8: Important optical elements of a TEM. Apart from the round lenses, the microscope is equipped

with other optical elements such as deflectors and stigmators. To maintain stability, the lens temperature is

controlled by a cooling system. Dotted lines denote an example non-ideal magnetic field produced by the

imperfect lens that is subsequently compensated by the stigmator.

1.2.4.3 Electron Detector

The first images from TEM were taken with photographic films [86]. However, utiliza-

tion of photographic films comes with the disadvantage of requiring manual scanning

for digitalization. To save time, charge-coupled device (CCD) cameras were developed

based on metal oxide semiconductor capacitors that can readily generate current flow

upon photon excitation [107]. Despite the advantage of automated data digitalization,

CCD cameras suffer from an extra source of noise when the electron beam is needed to

convert into a light signal by a phosphor coating on the camera, such that the device

can be protectd from radiation damage [64]. This problem was later on overcome by the

introduction of DEDs made from more radiation-resistant complementary metal-oxide-

semiconductors. More importantly, they are capable to capture images at a high frame

rate [32], so that the data can be recorded as movies to track particle motion across time.

DEDs are now employed in almost all life science TEMs.
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1.3 definition of resolution in cryo-em

1.3.1 The Conventional Numerical Metric - Fourier Shell Correlation

Currently, the only standard metric to determine the overall quality of the experiment

in cryo-EM is the resolution of the reconstructed 3D protein structure. This metric was

first proposed by van Heel [47], named the Fourier shell correlation (FSC), and is mathe-

matically given by:

FSC(R) =

∑
R,∆R V1(R) · V2(R)∗√∑

R,∆R |V1(R)|
2
∑
R,∆R |V2(R)

∗|2
(11)

where V1(R) and V2(R) are 2 3D reconstructed volumes in Fourier space that should

provide direct information about the structure factors and are independently refined

from the randomly split data half sets, V2(R)∗ is the complex conjugate of V2(R), and R

denotes the spatial frequencies in reciprocal space.

To effectively use the FSC as a universal metric and for ease of comparison, the cryo-EM

community began to set a fixed value threshold at which the FSC drops below that

denotes the final resolution of the protein reconstruction. Several thresholds had been

proposed, such as FSC0.5 [6] and FSC3σ [78], and in the end FSC0.143 has become the

most commonly used metric [90] (see Figure 1.9).

In the low resolution regime, the numerical metric FSC0.143 acts as a fair figure of merit

(FOM) to measure the information content of the protein reconstruction. For instance,

it can be expected that at 10 Å protein domains can be visualized, at 7 - 8 Å secondary

structures like α-helices will be visible, and 3 - 4 Å bulky side chains can be identified

(see Figure 1.10). The sizes of these features are also significant enough for visual in-

spection, so that the resolution reported from FSC0.143 can be cross-validated.
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Figure 1.9: Calculation of the gold standard FSC. The cryo-EM data set is first divided randomly into 2

halves, then each of the data subset is independently refined into a 3D reconstruction. The 2 reconstructions

are then Fourier transformed, and the FSC is given by the normalized cross-correlation of the 2 Fourier

transformed 3D volumes. The final resolution of the 3D reconstruction is then defined by where the FSC

drops below a certain threshold.
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Figure 1.10: Structural features of a protein displayed at different resolution. In the low resolution regime,

different protein features can be readily identified, thereby allowing cross-validation with visual inspection.

The figure is reprinted from [49].

1.3.2 Numerical Resolution in Relation to Data Quality in Cryo-EM

In the high resolution regime, the use of FSC0.143 as the only FOM becomes question-

able. From its mathematical definition in Equation 11, FSC(R) is in fact a normalised

cross correlation coefficient (CCC) between the 3D reconstructions calculated from the 2

data half sets across resolution shells. Instead of having any physical relation to external

references that can provide unbiased parameters describing standard protein features

for fair comparison, FSC0.143 is only a descriptor of how consistent the 3D volumes can

be reconstructed within the data set itself. The metric works on the assumption that

noise in the data half sets has no correlation with each other, whereas only signals that

contain information of the structure factors would have absolute correlation between

the data half sets. Such assumption does not account for the specific properties that are

related to the computational procedures, such as (i) the symmetry operator used in the

3D reconstruction, (ii) the protein size to the box size ratio and (iii) the geometry of

the mask used to define the protein volume inside the box [52]. All of these properties

practically change the calculation of FSC0.143 and thereby can result in different nomi-

nal resolution numbers even with the same data set and no change in the information

content of the calculated map.
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Unfortunately, at high resolution, visual inspection is no longer a reliable method for

cross-validation. This is because at such resolution, instead of qualitative measurements,

the information from the 3D reconstruction should be analyzed quantitatively to en-

sure accuracy and precision. For example, the bond lengths, bond angles and chirality

should be measured to make sure they are energetically allowed and justifiable in bio-

logical sense. Therefore, a numerical metric like the FSC is insufficient to describe and

validate the geometry of a 3D reconstruction.

Moreover, the resolution of the protein reconstruction from cryo-EM data is anisotropic

in nature, as the imaged macromolecular complexes are structurally heterogenous [85].

In the regions of the reconstruction where the protein is more rigid, the structural fea-

tures displayed are consequently better defined. On the other hand, in the regions of

the reconstruction where the protein is more flexible, the structural features displayed

are consequently scarce. Therefore, instead of focusing on a single resolution number

reported from FSC0.143 that is insufficient for describing such local resolution variations,

more effort should be given to the data quality, i.e. a measurement of how a 3D recon-

struction truly represents the features of a protein.

However, finding new metrics to describe the quality of a protein reconstruction with

cryo-EM has remained a difficult discussion, as there is no cryo-EM data at true atomic

resolution available for reference.

Figure 1.11: Resolution anisotrophy in cryo-EM reconstructions. Due to structural flexibility of the pro-

teins, the resolution of the reconstruction with cryo-EM data is anisotropic. The resolution changes locally

within a 3D reconstruction, and this is an issue faced by all cryo-EM data as exemplified here. Such issue

is not addressed by the use of FSC0.143 as the only indicator to determine the data quality. The figure is

reprinted from [85].
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1.4 current resolution limits in single particle cryo-em

There are many factors contributing to the resolution barrier in single particle cryo-EM,

despite all the technical advancements in the previous decade. The following section

will take a brief look at these current limitations.

1.4.1 Abbe’s Diffraction Limit

The resolution of any perfect optical instrument is theoretically limited by the physical

phenomenon of diffraction and can be mathematically described by the Abbe’s equation

[1]:

d =
λ

2n sin θ
=

λ

2NA
(12)

where d is the maximum distance to be resolved, λ is the wavelength of the source wave,

n is the refraction index of the medium through which the source wave travels, θ is the

convergence half-angle, and together n sin θ denotes NA, the numerical aperture of the

objective lens.

Similar to photons, electrons have properties such as wavelength and velocity because

they exhibit wave-particle duality. These properties can be quantitatively described by

the de Broglie equation [26]:

λ =
h

me · v
(13)

where h is the Planck constant, me is the mass of electron and v is the velocity of elec-

tron.

Therefore, electrons can also be used as a wave source to record specimen information

as they are charged and can interact with the Coulomb’s field of the specimen while

penetrating it as a wave. The charge it carries also allows it to be focused by a special

type of lenses, that is, the magnetic lens.
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In a TEM, electrons are accelerated after emission from the FEG by a specific voltage.

By law of conservation of energy, the work done on the electrons by the applied elec-

tric potential, which is the acceleration voltage V , is equal to the kinetic energy of the

electrons:

eV =
1

2
mev

2 (14)

where e is the charge of an electron.

Substituting v obtained from Equation 14 into Equation 13, and taking into account

the effect of special relativity as v is a proportion of the speed of light, the wavelength

of electrons λe propagating in a TEM from the source can be calculated by a Lorentz

transformation [89]:

λe =
h√

2meeV

1√
1+ eV

2mc2

(15)

where c is the speed of light in free space. This means that λe of a TEM operating at 300

kV is ∼ 2 pm.

Currently, the best resolution of cryo-EM maps achieved so far according to the record

in the data bank remains 1.54 Å [46], while most other protein structures published are

only ∼ 3 Å [3]. This indicates that the resolution barrier in single particle cryo-EM is not

originated from the diffraction limit. Instead, there are other factors contributing to the

huge gap between the theoretical and the practical resolution limit. These factors can be

divided into 3 categories, namely the limitations from (i) sample preparation, (ii) TEM

instrumentation, and (iii) computational difficulties.
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1.4.2 Practical Limitations in TEM Instrumentation

The amount of information transferred and the quality of the image are dependent on

the TEM instrumentation. While the information limit is predominantly determined by

the quality of the source, the image quality is majorly affected by the performance of

the lenses, especially the objective lens.

1.4.2.1 Limitation from Chromatic Aberration

The CTF in TEM is capped by an envelope function and it determines the information

limit of the instrument (for details, see Section 1.2.3). The overall envelope function

is a sum of all envelope functions with respect to each individual contributing factor,

including (i) the vibration of the system mechanics, namely the vibration damping enve-

lope, (ii) the chromatic aberration, namely the temporal coherence damping envelope and

(iii) the virtual source size, namely the spatial coherence damping envelope [116]. In the 1

Å regime, the chromatic aberration is the dominant factor that limits the information

transfer in TEM. The temporal coherence damping envelope ET (R) describing the effect

of chromatic aberration can be given by [116]:

ET (R) = exp
[
−
(πλeR

2∆f)2

2

]
(16)

where R is the spatial frequency, λe is the wavelength of electrons, and ∆f is the root-

mean-square (RMS) focal spread which can be further described as:

∆f = CC

√√√√[(∆E
E

)2
+

(
∆V

V

)2
+

(
2∆I

I

)2]
(17)

where CC is the chromatic aberration coefficient of the system, ∆EE is the relative RMS

energy spread of the source, ∆VV is the relative RMS instability of the acceleration volt-

age, and ∆I
I is the relative RMS current instability of the objective lens.

From Equations 16 and 17, it can be deduced that CC and the energy spread of the

source are significantly affecting ∆f, as the instabilities from the acceleration voltage

and the current of the objective lens are then comparatively negligible.
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In fact, CC comes primarily from the objective lens. This is because the focusing power

of magnetic lens varies with the energy of the electron wave [29]:

1

F
=

e2

8meEe

∫
B2zdz (18)

where F is the focal length of the objective lens, Ee is the energy of the electron, and Bz

is the magnetic field along the z-axis.

From Equation 18, it can be deduced that the magnetic lens focuses electrons of higher

energies stronger than that of lower energies. This means that while the electrons with

higher energies are focused on the image plane, the electrons with lower energies form

a disc with radius rC [125]:

rC = Cc
∆E

E
β (19)

where β is the angle of collection of the lens.

Figure 1.12: The chromatic blur caused by chromatic aberration. Electrons of different energies are fo-

cused onto different points. Electrons with higher energies converge at a point closer to the lens (f1) while

that of lower energies converge at a point further from the lens (f3). This means that at f1, the electrons of

lower energies form a disc and the image suffers from a chromatic blur.

Theoretically, this chromatic blur will cease to exist if CC is minimized. Currently, this

can only be done by installation of an extra CC-corrector beneath the objective lens [44].

An alternative solution to minimize ∆f in order to reduce the information damping

effect from ET (R) is to reduce the energy spread of the beam source. For that, the choice
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of electron source becomes important, as each type of source has its own characteristic

energy spread. For instance, a Schottky FEG has an energy spread of ∼ 0.7 eV [21], while

a cold FEG has an energy spread of ∼ 0.4 eV [46] [103].

1.4.2.2 Limitation from Geometrical Aberrations

In practice, TEM images suffered from various optical aberrations due to the imperfect

performance of the magnetic lenses and other environmental factors, such as tempera-

ture fluctuations [125]. While an ideal spherical wavefront is produced when the beam

is focused by a perfect lens, an imperfect lens produces an aberrated wave with a dis-

torted wavefront and shifted phase [122] [129]. Because of this, a point is blurred and

distorted into different geometries upon focus depending on the type of aberrations

present. The aberrations are classified according to both their symmetry and the order

of magnitude they affect with increasing spatial frequency [63] [119]. Some of these

aberrations greatly limit the attainable resolution in cryo-EM, especially when the auto-

mated data acquisition procedures for imaging protein samples involve a large amount

of beam- and image-shift. The optical aberrations commonly seen in cryo-EM data are

briefly described below:

1
st

order astigmatism The magnitude of astigmatism refers to the difference in

foci on the tangential plane, where the object axis lies on, and the sagittal plane, which

is normal to the tangential plane [121]. As a consequence, the point of focus is blurred

and elongated (see Figure 1.13). Appearance of 1st order astigmatism is very dominant

in the CTF (for details, see Equation 10). For an image of an amorphous sample that

should display a circular ring pattern after 2D Fourier transform, namely the Thon rings,

the ring pattern appeared eliptical under the effect of 1st order astigmatism. Therefore,

in case of imaging protein samples, the presence of such aberration can be directly

detected and theoretically compensated by an accurate CTF correction.
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Figure 1.13: Effect of astigmatism. Rays from the observed object are converged into different focal points

in the tangential plane (fT ) and sagittal plane (fS) under the effect of astigmatism. As a result, a point

appears to be elongated.

spherical aberration Spherical aberration occurs when the rays of the object,

which lies on the optical axis, are focused differently along the axis due to the inhomoge-

nous refractive index of the magnetic lens [96] (see Figure 1.14). When the rays reaching

the periphery of the lens experience a higher focusing power than that reaching the

central part of the lens, the aberrated wavefront shows increased curvature. Such effect

is defined as positive CS, while the reversed is defined as negative CS. With 3rd order

spherical aberration, the point object appears on the image plane is the blurred into a

disc with radius rS [125]:

rS = Csβ
3 (20)

where CS is the spherical aberration coefficient of the objective lens.

According to Scherzer’s theorem, spherical aberration cannot be compensated by round

lenses that focus the beam [96]. Therefore, the only way to minimize for CS is to intro-

duce a CS corrector that comprised of multipoles with negative CS, so that the lens field

no longer follows rotational symmetry.
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Figure 1.14: Effect of spherical aberration. Positive CS (left) induces curvature to the aberrated wavefront,

whereas negative CS (right) shows less curvature. A special note needs to be taken that in uncorrected

TEM CS is only positive.

coma Axial coma occurs when rays from the object approach the lens at a tilt angle

(see Figure 1.15). This means that the central axis of the electron beam, namely the coma-

free axis, fails to coincide with the principle axis of the objective lens. Similar to effect of

spherical aberration, the rays fail to converge to a point upon focus on the image plane

in presence of coma. However, instead of spreading into a disc, the point appears to

have a comet-like trail which is where the name coma comes from. For 2nd order axial

coma, an additional phase shift ϕ(R) is introduced [41]:

ϕ(R) = 2πθCSλ
2
eR
3(~θ · ~R) (21)

where ~θ is a unit vector describing the direction of beam tilt, and ~R is a unit vector

describing the direction of the spatial frequency. It is important to note that ϕ is pro-

portional to the 3rd power of ~R, meaning that the phase error increases tremendously

in high spatial frequencies. This implies that coma only becomes a major concern when

aiming for high resolution. As the current approach to use beam-shift for automated

data acquisition in cryo-EM induces a substantial amount of θ [19], axial coma is a lim-

iting factor to achieving high resolution.
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Another type of coma, off-axial coma, exists even when the coma-free axis and the prin-

ciple axis of the objective lens coincides. Off-axial coma happens for the following 3

reasons: (i) when the illumination is not perfectly parallel, the magnitude of local beam

tilt increases linearly with distance from the coma-free axis [41], (ii) if the field of view

is large, the projection from the object becomes more tilted relative to the coma-free axis

as the object locates further away from the center of the detector [89], and (iii) due to

the spiral trajectory of the electrons when the beam is focused by the magnetic lens,

an tangential azimuthal tilt is induced, and its magnitude increases linearly with the

displacement from the coma-free axis [44]. This means that the effect of off-axial coma

is more severe when the field of view is larger. As the instrumentation for life-science

imaging utilizes 4k × 4k cameras, off-axial coma becomes a challenge to achieve high

resolution images.

Whereas axial coma can be minimized by varying the strength of stigmators as the

magnitude and direction of beam shift changes, off-axial coma can only be minimized

by multipoles in the image correctors.

Figure 1.15: Effect of coma. A point appears to be blurred out with a trailing tail when an optical system

suffered from coma.

linear distortion Linear distortion is an off-axial aberration that occurs within

the field of view. With this defect, the object projection does not appear rectilinear,

but stretched linearly along the x- and y- directions. The magnification difference is

particularly detrimental when the images are used for 3D reconstruction of proteins.

This is because (i) the distorted images yield a protein reconstruction that does not
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reflect the actual size of the protein, and (ii) the high resolution information is blurred

when the summed images are of different magnifications. Such issue is particularly

problematic for large particles. For instance, with a linear distortion of 0.5 % - 1 %, a

virus of 600 Å would have an error of 3 - 6 Å in diameter.

1.4.3 Practical Limitations from Biological Samples

While the biochemical preparation and stabilization of the protein samples remains a

major limitation, the sample behavior when it is exposed to an electron beam also adds

extra difficulty to recording high resolution cryo-EM data. This section below describes

some of these sample behavior that limits the resolution of cryo-EM data.

radiation damage Protein samples are sensitive to radiation damage. Such dam-

age in TEM can originate from radiolysis, knock-on displacement, or specimen heating,

and it causes significant information loss at high resolution [30]. The amount of infor-

mation loss is observed to be dependent on the electron dose [50] [59]. For instance,

acidic side chains start to decarboxylate when the protein specimen is exposed to > 4

e-/Å2, whereas disulphide bridges are broken when exposure reaches > 5.5 e-/Å2.

beam-induced motion Using DEDs of high frame rate, cryo-EM data is recorded

as movies. These movies revealed a large degree of particle motion up to 70 Å when

the specimen is exposed to the electron beam [13]. This kind of motion leads to both

translation and rotation of the protein projections. As a result, information is lost during

image processing when the particle motion is left uncorrected for. There are several

factors contributing to the particle motion observed, including (i) radiation damage to

the specimen that induces stress in the vitreous ice [38], (ii) thermal expansion of the

substrate materials used to make cryo-grids [91], and (iii) mechanical instability of the

specimen holder [76]. Although there are many software developed to track the particle

trajectories within the movies, the inability to fully eliminate the motion makes it a

difficulty to restore high resolution information in cryo-EM data.
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1.4.4 Practical Limitations from Computational Procedures

Another challenge that gives additional difficulty to reaching high resolution protein

structures with cryo-EM is the complex data processing procedures. As the high reso-

lution structural information of proteins are lost when exposed to higher electron dose,

cryo-EM data is dose-limited, and therefore has a low SNR. Also, most proteins are

flexible because they are structurally heterogenous. This means that the computation

algorithm does not only need to find the missing orientation parameters so that protein

structures can be reconstructed in 3D from the 2D images collected, it also needs to be

robust enough to tolerate the low SNR in the data, and furthermore can distinguish

different image features from such data. Although the classification and reconstruction

algorithms in cryo-EM software are constantly evolving, some high resolution informa-

tion of the cryo-EM data is still lost during the imperfect data processing procedures.

Alternatively, the suboptimal processing algorithms can also lead to data overfitting and

amplification of noise.

1.5 aim of the thesis

Although there were many technological advancements in the previous decade, struc-

tural data obtained with cryo-EM is still resolution-limited with most only achieving 2 -

3Å. In order to directly visualize the chemical information of the proteins, it is necessary

for single particle cryo-EM to break through the resolution barrier of 1.5 Å. Despite the

importance to solve the difficulties in biochemical preparations of the protein samples,

a focus is required to make sure that the optical performance of the instrument does

not limit the information transfer in the 1 Å regime. For this purpose, this thesis aims

to break through the resolution barrier in single particle cryo-EM and achieve atomic

resolution for protein reconstructions by utilizing new TEM hardware to improve its

optical performance. A new TEM prototype with 2 extra modules, a monochromator

and an image corrector, is built and optimized for collecting data with protein samples.

The experiment is divided into 2 parts, with the first part being a proof of principle,

and the second part being a test for application. At last, based on the results for applica-

tion, a second hardware upgrade is specifically carried out to improve further the TEM

performance for application purposes.
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2.1 sample preparation

Samples analysed in single particle cryo-EM studies including this thesis are usually

purified proteins, which are typically first prepared in solution form. Thus, they cannot

be directly imaged by the electron microscope. Instead, it is necessary to prepare grids,

in which the protein samples are held, for imaging. Grids are pieces of circular metal

materials of 3 mm in diameter with holes for the protein solution to suspend on. There

were 4 protein samples used to collect data for the completion of this thesis, namely hu-

man heavy chain apoferritin (apoF), human 20S proteasome (h20S), saccharomyces cerevisiae

fatty acid synthetase (FAS), and human chaperonin-containing T-complex (TRiC). Since the

protein samples were purified by Dr. Elham Paknia, Dr. Fabian Henneberg, and Dr.

Kashish Singh (Department of Structural Dynamics, MPI-BPC, Göttingen), the purifi-

cation procedures would not be included in this thesis. Instead, the following section

describes the procedures of how different types of grids were made.

2.1.1 Negative Staining

Negative stain grid is usually prepared to take preliminary images to check whether

the protein samples are intact and in optimal concentration for cryo grids preparation

[11]. Also, negative stain data is preferable to collect before proceeding to cryo condi-

tions especially when there is no prior structural information of the protein available.

Due to the fact that heavy metals have much higher nuclear charge than the proteins

which contains mostly light atoms, the contrast of the images from negative stain is also

much higher and more favourable for generating initial 2D references and ab-initio 3D

structures [12]. However the resolution of structures obtained from negative stain is at

best only 10 - 15 Å because the resolvability is limited by the size of the stain grains [53].

The staining protocol started with preparing a saturated solution of uranyl acetate in

double distilled water and centrifugated at 13, 000 rpm at 4 oC with a benchtop cen-

27
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trifuge 5810/5810 R for 10 min. The solution was used to stain the sample. An in-house

prepared carbon film was floated on the protein solution for 5 s, and then the film was

subsequently adsorbed to a grid. Excess solution was blotted away gently with a filter

paper and the grid was incubated with the stain for ~30 s. Afterwards, excess stain was

blotted away. Then, the grid was left aside for air drying after blotting.

2.1.2 Vitrification

The idea of vitrification for aqueous protein solution [68] was firstly applied to prepare

samples for electron microscopy in 1988 [28], so that proteins are preserved in their na-

tive states while protected from radiation damage and high vacuum in the microscope

column [40]. Vitrification also prevents the growth of ice crystals and hence reduces

background noise from Bragg’s diffraction [110].

Similar to negative stain grids, cryo grids can be prepared by floating protein samples

on an in-house prepared carbon film to yield a monodispersed distribution (see Figure

2.1, right panel). The carbon film was floated on a protein sample for 5 s. However,

instead of heavy metal stain, 4 µL of water was applied to the grid so that the samples

would not dry out prior to blotting with a robot device. The humidity and temperature

of the robot device Vitrobot was set to 100 % and 4 oC respectively. Liquid ethane was

used for plunge freezing, while liquid nitrogen was used to cool the liquid ethane and

provide a grid storage environment at ~ - 200 oC.

Alternatively, cryo grids can be prepared without the use of carbon foil, in other words,

in holes (see Figure 2.1, left panel). Preparation of such grids would require an extra step

of glow discharging to clean and charge the grids before usage. 4 µL of protein sample

was applied to a glow-discharged grid and blotted with a Vitrobot with settings same

as above.

Figure 2.1: Sample preparation by vitrification. Cryo grids can be prepared either in holes (left panel) or

floating protein samples on a carbon foil (right panel).
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Each of the 4 protein samples used to collect data for the completion of this thesis

required different conditions to make cryo grids. The conditions are listed in the table

below.

Table 1: Conditions for making cryo grids for different protein samples.

protein hole diameter / distance (in µm) blot time (in s)

apoF R 0.3/0.27 10

apoF R 0.6/1 6.5

apoF R 1.2/1.3 7.5

apoF R 1.5/1.6 6.5

h20S R 1.2/1.3 7.5

FAS R 1.5/1.6 6.5

TRiC R 1.5/1.6 6.5

2.2 new prototype microscope instrumentation

To explore the possibilities of further pushing the resolution limit of cryo-EM with tech-

nical improvements specifically in microscope hardware, a microscope prototype was

built with extra modules incorporated to a commercially available TEM Titan Krios

G3i (denoted as Titan Krios). The microscope was upgraded twice, first to equip with

a monochromator and a CS/B3 TEM-corrector BCor (denoted as Titan Krios Mono/B-

Cor), and then later with an energy filter Selectris-X and a new generation camera

Falcon 4 (denoted as Titan Krios Mono/BCor/EF). A schematic diagram is provided

below to illustrate graphically the upgrades and where the modules were installed (see

Figure 2.2). The following section explains the basic functionalities of each extra module,

and describes their operational modes optimized for imaging purified protein samples.
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Figure 2.2: Schematic diagram of different TEM instrumentation. 3 different TEM instrumentation is

illustrated, including a Titan Krios (left), Titan Krios Mono/BCor (middle) and Titan Krios Mono/B-

Cor/EF. Titan Krios follows the standard build consisting of a Schottky FEG, a 3 condenser lenses system

and a Falcon 3 bottom-mounted camera. Titan Krios Mono/BCor is an upgrade from Titan Krios to

include a monochromator embedded in the acceleration stacks, and a BCor image corrector before the

projection chamber. Titan Krios Mono/BCor/EF is a further upgrade from Titan Krios Mono/BCor to

include a filter after the projection chamber, and a new Falcon 4 as the post-filter camera.
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2.2.1 Monochromator

working principles : The monochromator installed was built according to the

single Wien filter type design from [115]. The module operates analogously to an op-

tical spectrometer, but instead of a diffraction grating an electromagnetic field is used

to separate the electron beam to a continuous spectrum of velocity and therefore allow-

ing selection of energy spread. The resulting energy spread is variable and primarily

controlled by the gun lens and the operating potential of the Wien filter.

set-up excitation : The current and energy spread of the source are dependent

on how the monochromator operates [117] [115]. The excitation of the Wien filter Ω is

given by:

Ω =
EL√
8V

(22)

where E, L, and V are the electric field, length and potential of the filter respectively. Ω

together with the gun lens changes the electron trajectories inside the monochromator

and higher excitation allows finer sampling of the spectrum energy, resulting in an

electron beam of better temporal coherence. However, this would also affect the spot size

at the exit plane of the filter. Therefore, in order to achieve a homogenous illumination

for a large field of view, which is required for imaging protein samples, Ω was set to be

0.8, corresponding to an energy spread of ∼ 0.15 eV, for all data collection procedures.

monochromator tuning : After setting up the excitation, it is required to fine-

tune the beam profile such that it has enough beam area in the centre for imaging the

specimen while keeping the energy spread sharp. This could be done manually by cen-

tering the beam onto the fluorescent screen and focusing it with a slit aperture of 2 µm

in width and 7 µm in length, then fine-tuning with the stigmators in the monochroma-

tor. The same procedure was later automated in the software package Sherpa for ease of

operation.

dose control : Although the mechanics blocks most of the source and the inter-

nal complex electronics causes inevitable Coloumb’s interactions [114], the maximum

current drops from 50 nA to 25 nA and yet it is still too high for both the protein sam-



32 materials and methods

ples and the dose-sensitive Falcon camera. Therefore, prior to imaging it is required to

limit the dose by manual insertion of an extra aperture located below the C1 lens.

The monochromator is also sensitive to thermal change and that causes the beam to

drift over time. For that, an automated procedure was implemented to utilize the beam-

shift coils from the monochromator to recenter the beam by maximizing the current

observed on the fluorescent screen when the camera count falls below a set threshold.

2.2.2 Energy Filter

working principles : The energy filter Selectris-X is installed behind the pro-

jection chamber and aims to filter away the inelastic scattered electrons that contributes

to noise in the images. It works similarly to the Wien filter in the monochromator and

utilizes an electromagnetic field to spread the beam but with a 90o sector magnet. At

the end of the module lies an exit slit aperture that physically selects a designated width

of energy to pass through. On top of that, there are multipole elements installed at the

exit plane of the filter to ensure minimal aberrations are introduced.

zero loss peak centering : Due to instabilities of the electronics and the sur-

rounding temperature, the beam naturally drifts away from the exit plane of the filter

even the system has been at rest. Therefore, it is necessary to center zero loss peak

(ZLP) back to the exit slit prior to imaging, such that the elastic scattered electrons are

not blocked by the filter. In principle, it is done by offsetting the high tension such that

the beam lands to the middle position physically between the two edges of the exit slit

and it is also where maximum current should be observed in absence of a sample. The

procedure was also automated in the software package Sherpa.

isochromaticity tuning : After centering ZLP for the beam to pass through the

filter, it is necessary to tune the isochromaticity so that the electrons are well focused on

the slit plane after dispersion from the sector magnet to achieve homogenous illumina-

tion. The non-isochromaticity can be monitored by the distribution of pixel intensities

on the Falcon camera, and the procedure was carried out in software package Sherpa.

The non-isochromaticity was minimized to 6 0.3% prior to each imaging session.
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aberrations tuning : To reduce distortions introduced by the filter as it gives

extra magnification to the image formed and offsets the high tension, the last step of

setting up the filter requires a tuning of the multipole elements inside. The distortions

were monitored by inserting a mask of uniformly distanced hollow circles in the slit

entrance of the filter and measuring their deformity on the Falcon camera. The proce-

dure was also carried out in software package Sherpa to minimize both geometric and

chromatic distortions to 6 0.1%.

2.2.3 Spherical Aberration / Off-axial Coma Corrector

working principles : The CS/B3 TEM-corrector BCor was installed before the

projection chamber and functions to correct for spherical aberration CS and off-axial

coma B3 that degrade image information to a large extent especially around the corners

in a huge field of view [44]. BCor makes use of multiple hexapoles to create non rota-

tionally symmetric lens fields such that it does not follow the Scherzer’s theorem [96].

This mechanics effectively cancels out the positive CS while corrects for higher order

aberrations and achieves true aplanatic imaging.

aberrations tuning : For tuning of the BCor it is required that an amorphous

sample was inserted. A set of diffractograms was acquired from the sample with 35

mrad beam tilt for aberrations measurement [129]. The calculated results were used

as input to iteratively tune the multipole elements in the corrector up to acceptance

level. The procedures were executed from the software BCor UI. For optimal imaging

performance, the BCor was set-up to correct for phase errors to 6 45o at scattering

angles > 17 mrad, which is equivalent to 6 1.16 Å resolution, and minimize linear

distortion to 6 0.2%.

2.2.4 New Generation Camera

working principles : The new generation camera Falcon 4 encodes data in a

new format electron event representation (EER) [43]. Instead of writing out image stacks

of already combined fractions, EER records a matrix of position of electrons on the

detector in x- and y-directions against time at the full frame rate of 248 Hz, and thereby

preserving also the temporal resolution of the images.



34 materials and methods

dose fractionation : Since EER is a numerical matrix but not images, a conver-

sion in file format was required prior to image processing. The conversion was done

with the software package Relion such that each fraction of the image stacks contains

1.25 e−Å−2. Gain referencing was also done during the conversion.

2.3 data acquisition

2.3.1 Protein Sample Quality Screening

The quality of the protein sample was first checked by negative staining prior to cryo

grid preparation. The negative stain grids were inspected with a TEM Cm200 with a

CCD camera. Images were taken at 88, 000× magnification with a binning-factor of 2,

corresponding to a pixel size of 2.45 Å/pix.

2.3.2 Manual Image Acquisition

For information limit and Thon rings assessment, images were manually taken on cross

grating and amorphous tungsten with the software package TEM Imaging & Analy-

sis (TIA). Images were recorded at 470, 000× magnification in nanoProbe mode with

TEM prototype Titan Krios Mono/BCor, corresponding to a pixel size of 0.131 Å/

pix. Images collected from Titan Mono/BCor/EF were at 270, 000× magnification in

nanoProbe mode, corresponding to a pixel size of 0.352 Å/pix.

2.3.3 Automated Image Acquisition

Cryo-EM data were collected in nanoProbe mode with the TEM prototype Titan Krios

Mono/BCor and its later upgrade Titan Krios Mono/BCor/EF. Automation was fa-

cilitated by the software package EPU [102] with customization to allow (i) dose control,

(ii) aperture handling and (iii) image acquisition by beam image-shift (BIS) controlled

by BCor up to 5 µm.

titan krios mono/bcor For apoF, h20S and TRiC, images were taken in elec-

tron counting mode at 125, 000× magnification, corresponding to a pixel size of 0.492

Å/pix. For FAS, images were taken in electron counting mode at 96, 000×magnification,
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corresponding to a pixel size of 0.615 Å/pix. Each image stack consisted of 40 frames,

resulting in a dose rate of 1.25 e−Å−2 per frame, and a total dose of 50 e−.

titan mono/bcor/ef Data was recorded in EER format at 270, 000× magnifica-

tion, corresponding to a pixel size of 0.352 Å/pix, and with defocus values ranging from

0.2− 0.5 µm. Each image was taken at a dose rate of 2.5 e−/pix/s, and also a total dose

of 50 e−.

2.4 image processing

All data used in this thesis follows the image processing workflow below (see Figure

2.3). The following section explains generally how 3D structures of proteins were recon-

structed from the TEM images.

Figure 2.3: Image processing workflow for cryoEM map reconstruction. The data collected from the TEM

was dose-fractionated and first combined into micrographs with motion correction and dose-weighing.

CTF parameters were then estimated from the micrographs. Afterwards, micrographs were screened first

according to their CTF parameters and later with visual inspection. Particles were picked and extracted

from the good micrographs. The particles were then subjected to 2D classification and then 3D classifica-

tion, if necessary. Good particles were selected for refinement to yield a first 3D reconstruction. The 3D

reconstruction was used to provide reference for iterative per-particle motion correction and CTF refine-

ment. After all motion and CTF parameters were set, the polished particles were refined to the final 3D

structure.
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2.4.1 Pre-processing

2.4.1.1 Motion Correction

Upon electron beam illumination, vitrified ice exhibits doming effect and proteins en-

trapped drifts away from its original position in a dosage dependent manner [13] [112].

Therefore, the software MotionCor2 [132] was used to align the individual frames in the

stacks obtained from Section 2.3.3 against a user-indicated reference frame. Each image

stack was summed into a single micrograph after correction of motion.

Moreover, biological samples are sensitive to radiation damage. The high resolution

information is quickly destroyed from illumination with the first few electrons and

signals from the high frequency regime becomes noisy [110]. Therefore during summing

of the frames, a dose-weighing scheme was also implemented to downweigh the high

frequency information of latter frames to improve the SNR [132].

2.4.1.2 Contrast Transfer Function Parameters Estimation

Since in reality TEM is not a perfect imaging system, the images collected are modulated

by the CTF in reciprocal space as formerly described in Section 1.2.3. From Equation 10,

it can be seen that the CTF is oscillating across zero with both positive and negative

values. This means that features in an image appear to have both positive (displayed as

bright in a grey scale) and negative (displayed as dark in a grey scale) contrast, depend-

ing on which spatial frequencies they are at, and how far from focus the image was

taken [122]. At the zero-crossings, features of those particular spatial frequencies are

invisible. Therefore without CTF correction, images at different defocus values cannot

be aligned well, and information of features at the zero-crossings was lost (see Figure

2.4).

To compensate for this issue, it is necessary to know the parameters describing the

CTF of each image, such that one can flip the negative contrast to positive contrast.

Information at the zero-crossings can be recovered by summing up the CTF-corrected

images.Also, an accurate CTF estimation allows correction for the 1st order astigmatism.

Fitting of the CTF was done using the software Gctf [130].
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Figure 2.4: The importance of CTF correction in image processing. Particles were extracted and classified

without CTF correction (left panel) and with CTF correction (right panel). The differences in displayed

particle features are due to uncorrected negative contrast at some frequencies during contrast transfer,

according to Equation 10.

2.4.1.3 Micrograph Quality Check

Since the micrographs provide the information for all later reconstruction processes,

it is important to assure their quality before starting the image processing pipeline.

Therefore, all micrographs were inspected by the in-house developed software cowMQC

[101]. Criteria to define a high quality micrograph include: (i) the ability to display

particles with visible contrast against the ice background, (ii) extension of Thon rings

in the power spectrum to high spatial frequency region, and (iii) an accurate fit of

CTF parameters acquired from Section 2.4.1.2 by comparison of the simulated power

spectrum with the observed power spectrum of the micrograph.

2.4.2 Particle Picking and Extraction

Protein particles were identified and picked using the software Gautomatch [131]. Pick-

ing results were visually examined before extraction to avoid false recognition that could

interfere with the later processing procedures. The recorded particle coordinates were

then piped into the software package Relion [45] for extraction. The extraction box size

was set to be ∼ 1.5× the particle size.

2.4.3 Template-free 2D Image Classification

Since protein samples are sensitive to radiation damage [40], cryoEM data was acquired

with low dose and the micrographs appeared fuzzy [110]. To compensate this, numer-

ous particle images extracted from the micrographs with the same structural features
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were summed up to boost the SNR during image processing [36]. The process to group

the particles with different structural features to their respective class is called classifica-

tion.

Template-free 2D alignment and classification of extracted particles according to their

image features were performed by both the software packages Cow [98] and Relion

[45]. References were internally generated by randomly assigning orientations to all

images and distributing them into a number of classes set by the user. By doing so,

each reference has varying details while no prior information was required as input.

After indicated rounds of iterations, the differences in the class sums would propagate

and eventually emerge as distinct structural features. The following section explains the

basics of 2D classification.

2.4.3.1 Image Cross Correlation

Protein particles in vitrified samples are randomly oriented, resulting in different in-

plane rotation angles and in-plane translations. Therefore, the particles images should

be rotated and translated with respect to each other before classification. This procedure

is called alignment. The principle of alignment is to identify the parameters that result

in the best correlation of an image with another. These parameters include translation

in x- and y- directions, as well as the in-plane rotation angle α.

The similarity between two images can be quantitatively measured by calculating the

CCC [35]. For an image I(x,y), the cross correlation with a reference R(x,y) can be

calculated by:

C(i, j) =
∫∫
I(x,y) R(i+ x, j+ y)dxdy (23)

This means that signal intensities of pixels in I(x,y) will be multiplied with that in

R(x,y) as R(x,y) is translated i and j units along the x- and y- direction, respectively. As

a result, greatest hit on C(i, j) is recorded at position (i, j) where I(x,y) is best correlating

with R(x,y). This also explains why it is necessary to flip the phases, as illustrated in

Section 2.4.1.2, since only if both the image and the reference are of same contrast the

computation of C(i, j) would be reasonable.
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2.4.3.2 Expressing Alignment as a Probability of Correlating Two Images

Since the particle images are dose-limited and have a low SNR, it is expected that the

alignment procedure based on CCC scoring would be error-prone. To circumvent this

problem, it is safer to translate the correlation into a certain probability P image X

aligns to reference R, given a set of orientation parameters φ, instead of hardly assign

X to R. Such approach is called maximum likelihood estimation (MLE) and the conditional

probability can be expressed as [94]:

P(X|A,φ,σ) =
J∏
j=1

P(xj|aj,φ,σ) (24)

where xj and aj represent the signals from the experimental and reference images on

the jth pixel respectively and σ denotes the width of the Gaussian, assuming the noise

from all pixels are completely independent from each other. The major advantage of

MLE lies in the fact that it keeps all possibilities of φ and uses it as a seed for the next

round of classification. Therefore, precision increases as the iteration cycles proceed.

2.4.3.3 Computing Class Sums as a Linear Combination of Probable Factors

The class sum S is then a summation when the probability distribution of all m images

with particular orientation are known:

S =

m∑
i=1

wiXi (25)

where w is the weight determined from the probability of the image aligning to the

reference.

2.4.4 3D Processing

3D processing generally includes classification and refinement. While 3D classification

aims to sort out multiple particle conformations in the data set, 3D refinement aims

to improve the accuracy and precision of orientation parameters assigned to the input

group of particle images and yields a final 3D reconstruction. These procedures were

done by both the software packages Cow [98] and Relion [45]. The principles of 3D

processing are explained in the following section.
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2.4.4.1 3D Classification

Both 2D and 3D classifications use the same MLE principle as described in Section

2.4.3, except for the fact that 3D requires external references as input because it also

considers additional degrees of freedom. 3D classification is generally used to sort out

conformational and compositional heterogeniety within the data set.

2.4.4.2 3D Refinement

3D refinement can be calculated in both real space and in Fourier space [51]. In real

space, this is done by a process called projection matching, where the input 3D reference

is projected equaldistantly in all directions to yield a set of 2D reference images. The

sampling accuracy is determined by size of the projection angle. Smaller sampling an-

gles allows finer alignment for the orientation parameters of the particle images and

hopefully improves the resolution of the 3D reconstruction. However, as a trade-off it is

also more computationally costly. After matching with the projected 2D references, the

aligned images are used to reconstruct an updated 3D map. In Fourier space, a similar

process is computed using the Fourier slice theorem, where each Fourier transform of the

2D images is considered as a slice through the Fourier transform of the 3D map.

The 3D refinement was performed unsupervised within both software packages Cow

[98] and Relion [45] after setting an initial sampling angle and symmetry information.

The refinement was calculated iteratively and the angular sampling distance was auto-

matically halved in the next iterative cycle, as long as the updated 3D map showed a

better resolution.

To avoid over-fitting, the refinement was computed with the gold-standard approach,

where the data set was randomly split into two half sets and refined individually [93].

The two half sets would only be combined to give a final 3D reconstruction, only when

the resolution stopped improving in spite of the decreased angular sampling distance.

2.4.5 Map Sharpening

As compensation for contrast loss of the high spatial frequencies owing to radiation

damage, an alternative approach, map sharpening, was used to scale the amplitudes of

signals in the high frequency region according to the map sharpening B-factor. The map
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sharpening B-factor is a coefficient describing how signal deteriorates from low to high

spatial frequencies. This can be computed from a Guinier plot, assuming the signals in

high frequency region follows that [90]:

ln F ∝ B · 1
d2

(26)

where F is the signal intensity, B is the map sharpening B factor, and d is the resolution.

To prevent amplification of noise, a mask was used to confine the area of map sharpen-

ing. The binary mask was created by setting the voxel intensities below a user defined

threshold value to zero. The whole calculation could be done within the software pack-

age Relion [45].

2.5 atomic modelling

Initial models of apoF, h20S, and FAS were received from Dr. Ashwin Chari, Dr. Fabian

Henneberg and Dr. Kashish Singh respectively. In case of TRiC, the reference model hu-

man TRiC in ATP/AlFx closed state (7LUM) was downloaded from Protein Data Bank

(PDB). The solvents were first removed from the models, then the models were fitted

into their respective 3D maps by using the software Chimera [81]. Afterwards, rigid

body refinement and positional refinement were done with the software Refmac5 [77].

Solvent molecules were then manually added using Coot [31], and lastly another round

of refinement was computed with Refmac5 [77].

All figures were generated with PyMOL [100] and Coot [31].
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2.6 materials

2.6.1 Software

Table 2: List of software used.

software source citation

Chimera https://www.cgl.ucsf.edu/chimera/ [81]

Coot https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/ [31]

Cow https://www.cow-em.de [98]

cowMQC https://www.cow-em.de [101]

EPU https://www.thermo�sher.com/de/ [102]

Gautomatch https://www.mrc-lmb.cam.ac.uk/kzhang/ [131]

Gctf 1.06 https://www.mrc-lmb.cam.ac.uk/kzhang/ [130]

MotionCor2 https://msg.ucsf.edu/em/software/index.html/ [132]

PyMOL https://pymol.org/2/ [100]

Refmac5 https://www2.mrc-lmb.cam.ac.uk/relion/ [77]

Relion 3.1 https://www2.mrc-lmb.cam.ac.uk/relion/ [45]

Relion 4.0 https://www2.mrc-lmb.cam.ac.uk/relion/ [45]

Sherpa https://www.thermo�sher.com/de/ N/A

TIA https://www.thermo�sher.com/de/ N/A
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2.6.2 Equipment

Table 3: List of equipment used.

equipment / module manufacturer

Centrifige 5810/5810 R Eppendorf

CM200 FEG TEM Philips

Energy Filter Selectris X Thermo Fisher Scientific

Direct electron detector Falcon 3 Thermo Fisher Scientific

Direct electron detector Falcon 4 Thermo Fisher Scientific

Monochromator Thermo Fisher Scientific

Spherical Aberration and Off-Axial Coma Corrector CEOS

Titan Krios G3i TEM Thermo Fisher Scientific

Vitrobot Mark IV Thermo Fisher Scientific
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3.1 proof of principle

The aim of this thesis is to push the resolution limits of single particle cryo-EM by

improving microscope hardware. The starting point was a commercially available, stan-

dard Titan Krios G3i with a bottom-mounted camera Falcon 3 (denoted as Titan

Krios). In the first upgrade, 2 specific components were introduced, namely a Monochro-

mator and an image corrector BCor and the new TEM prototype is called Titan

Krios Mono/BCor (for details, see Section 2.2). Since the concepts have not been

applied to life science imaging, it is important to prove that the new TEM prototype

Titan Krios Mono/BCor provides superior optical performance over a standard non-

monochromated and non-aberration-corrected Titan Krios. For this purpose, relatively

inert test samples, such as crystalline gold and tungsten, were imaged prior to protein

samples, since analysis of the test samples does not require downstream image process-

ing and computation procedures which would add extra complication to the analysis

compared to protein samples.

3.1.1 Technical Performance of the New Microscope Prototype

information limit Images of crystalline gold were manually taken with Titan

Krios Mono/BCor and the information limit was determined based on how far the

diffraction spots could be located from their computed 2D Fast Fourier Transform (FFT).

From the image of a single crystal, Titan Krios Mono/BCor demonstrated a superior

optical performance by showing distinct diffraction spots up to 0.5 Å in the 2D FFT (see

Figure 3.1). Compared to a standard Titan Krios, Titan Krios Mono/BCor achieves

an improvement of ∼ 0.4 Å in the information limit.

Similar analysis was done with amorphous tungsten that displays Thon rings instead of

diffraction spots in the 2D FFT. An eliptical average was computed from the 2D FFT to

give a 1D power spectrum showing how information deteriorates from low resolution

45
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Figure 3.1: Information transfer up to 0.5 Å from Titan Krios Mono/BCor. Image of a gold cross-grating

specimen recorded with Titan Krios Mono/BCor (left panel) shows reflections from a single crystal up

to 0.5 Å in the computed 2D FFT (right panel, indicated by an arrow).

to high resolution. Images were collected with Titan Krios Mono/BCor, with the

Monochromator operated in both filtered mode and unfiltered mode, and a standard

Titan Krios (see Figure 3.2). With monochromation Titan Krios Mono/BCor again

displayed better resolution than a Titan Krios at a cut-off of 0.84 Å, while without

monochromation it showed slight improvement from the advantage of having an extra

module BCor. This proves that in order to increase information transfer beyond 1 Å,

it is necessary that the system has a high temporal coherence. In case of Titan Krios

Mono/BCor, this was achieved by using the Monochromator to reduce the energy

spread of the source to ∼ 0.1 eV, compared to ∼ 0.7 eV of a Shottky FEG equipped in a

standard Titan Krios.

throughput In the presence of a BCor, Titan Krios Mono/BCor is able to

achieve aberration-free imaging within a large field of view and when the beam is

directed off-axis [44]. Therefore, an acquisition scheme was designed to acquire images

on UltrAuFoil R1.5/1.0 grids using BIS within a range of 5 µm to increase throughput of

the system, while preserving the image quality (see Figure 3.3). With this scheme Titan

Krios Mono/BCor could acquire 45 images with one stage move, thereby avoiding the

long stage relaxation time of 45 s per hole during hole centering procedures, when BIS

was used instead to acquire images from neighbouring holes. The scheme was success-

fully implemented and Titan Krios Mono/BCor achieved a high throughput of ∼ 100

images/hr, even when Falcon 3 requires 18.5 s to acquire an image due to the limited
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frame rate.

As previously mentioned in Section 2.2.1, the Monochromator suffered from thermod-

rift owing to its sensitivity and that resulted in dose fluctuations. A dose monitoring

routine based on camera counts was successfully implemented such that > 95% of the

images were acquired with desired dose. The routine showed no negative impact on the

throughput of the system.

Figure 3.2: Comparison of information transfer for different systems using Thon ring analysis. An

amorphous tungsten specimen was imaged to compare the information transfer of Titan Krios Mono/B-

Cor, with monochromator in filtered mode (denoted as Titan Krios Mono/BCor, teal) and unfiltered

mode (denoted as Titan Krios Mono off/BCor, blue), and a standard Titan Krios (dark blue). The

1D power spectra were obtained from the images by equi-phase averaging (EPA) with Gctf [130]. With

better temporal coherence, Titan Krios Mono/BCor showed information transfer up to 0.84 Å. Without

monochromation, Titan Krios Mono off/BCor showed slight improvement over Titan Krios. Arrow-

heads indicate the maximum resolution of the respective system.
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Figure 3.3: Cluster acquisition exploiting the advantage of the BCor. Titan Krios Mono/BCor acquired

images in clusters within the radius of 5 µm with BIS to minimize the need of a stage move. With a

UltrAuFoil R1.5/1.0 grid, Titan Krios Mono/BCor could acquire in a 3 × 3 cluster with 5 images per

hole, yielding 45 images per stage move and reaching a high throughput of ∼ 100 images/hr. The BCor

compensated for the induced coma from BIS and thereby preserved the quality of all recorded images.
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3.1.2 First Experiment with the Model Protein Apoferritin

Although Titan Krios Mono/BCor demonstrated an improvement in optical perfor-

mance over a standard Titan Krios from the images of both the gold and tungsten

specimens, how this could be translated to life science applications still remains un-

known. There are several major challenges encountered when imaging a protein sam-

ple. Compared to the inert materials, proteins are more sensitive to radiation damage

[40] [110]. Also, 3D reconstruction of a protein structure requires complex computation

to (i) accurately assign the angular information to the 2D images, while (ii) being able

to separate the images into different classes if the protein exhibits conformational het-

erogeneity [95] [82]. To test the performance of Titan Krios Mono/BCor, reduced com-

putation complexity would be desirable. Therefore, analyzing a protein sample with a

single conformation would be ideal over a protein with structural heterogeneity and

this sample could be an engineered protein model with compromised catalytic activity.

Indeed, apoF has been used as such kind of model for testing TEM performances [27]

[25]. Its molecular weight is ∼ 500 kDa and is composed of 24 subunits arranged in an

octahedral symmetry [23]. The protein takes shape of a hollow shell which allows Fe2+

storage inside the cavity [48]. The conformational homogeneity and signal enhancement

from the high order symmetry minimize the complexity of 3D reconstruction, thereby

making apoF an excellent model for cryo-EM resolution analysis.

3.1.2.1 Image Processing and 3D Reconstruction of ApoF

Cryo-EM data for apoF were acquired on Titan Krios Mono/BCor at 300 kV using a

Falcon 3 direct electron detector in electron counting mode. 10, 398 movies were col-

lected from 40 data acquisition sessions. Images were taken close to focus to prevent

losing the high resolution information from excessive delocalization [39]. Each movie

contains 40 frames and they were motion-corrected globally prior to combining into mi-

crographs with dose-weighing. Initial CTF estimation was done by Gctf [130] from the

micrographs. The resultant micrographs showed that the apoF particles were arranged

in a single layer of 2D lattice with empty areas, indicating the ice thickness being a

gradient of 6 300 Å (see Figure 3.4). Controlling the ice thickness is essential to high

resolution imaging because the electron mean free path for elastic scattering is < 400 Å

[54] [106] [97]. Imaging on thick ice results in multiple scattering events and increases
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the ratio of inelastic scattering that eventually lowers the SNR of the data [127].

The image processing pipeline and metadata were summarized graphically below (see

Figures 3.5 and 3.6). The 40 sets of micrographs were processed independently to iso-

late good particles. Particles were first picked from each data set, then followed by 2

rounds of 2D classification to remove blurry images and false picks. A first round of 3D

refinement was calculated from the remaining particles with a reference (EMDB-9599)

filtered to 20 Å. The second round of 3D refinement was performed after per particle

CTF refinement and polishing to yield an intermediate structure for quality check. Af-

terwards, the data sets were merged and a total of 1, 464, 774 particles were combined to

give a 3D reconstruction at 1.36 Å. Unexpectedly, a magnification variation was revealed

from the 40 intermediate structures. Therefore, it was compensated by a magnification

refinement followed by a CS refinement due to the changes in pixel size. The reason for

such a variation was later on found to be the misaligned gun crossover that led to a sub-

optimal parallel beam. To sort out the best data, a filter was applied to exclude particles

with a defocus > 0.9 µm and maximum value probability distribution (MVPD) 6 0.04.

The remaining 1, 090, 676 particles were reconstructed with Ewald sphere correction to

yield a final structure at 1.25 Å.
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Figure 3.4: Example micrographs of apoF at different defoci. To reduce high resolution information de-

localization [39], cryo-EM data for apoF was recorded close to focus. Example micrographs of apoF at

different defoci were shown (left panel). Note that each micrograph has a transition from apoF ordered in

a 2D lattice to empty space, indicating the thickness of ice being a gradient of 6 300 Å. The CTF was fitted

from the 2D FFT of the images with EPA from Gctf [130] (right panel). White circles indicate the maximum

resolution estimated from Gctf [130].
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Figure 3.5: Image processing pipeline of apoF. CTF estimation was performed with Gctf [130] on the

micrographs, while all 2D and 3D operations were calculated using Relion [45] unless otherwise specified.

Details of the image processing procedures was described in Section 3.1.2.1.
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Figure 3.6: Metadata of the apoF data sets. (a) Both the FSC0.143 calculated from the combined data half

sets and FSC0.5 map to model indicate that the 3D reconstruction of apoF reached a resolution of 1.25 Å. (b)

The defoci distribution of all data sets is plotted in a histogram. 10, 398 micrographs were collected with

6 1 µm defocus with a median of ∼ 0.7 µm. (c) Angular distribution of the final map indicates that the

images used to reconstruct the map covered all the Eucledian space when a symmetry operator was used.

(d) The resolution of the final map varied locally from 1.2 to 1.5 Å. (e) The local resolution of the final map

is represented in colors.
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Figure 3.6 (cont.): Metadata of the apoF data sets. (f) Distribution of linear distortion from all 40 data

sets collected by Titan Krios Mono/BCor (teal) is plotted in a histogram. The degree of linear distortion

observed in the data from Titan Krios Mono/BCor, with a median = 0.15%, is insignificant compared to

the benchmarking apoF data collected from a standard Titan Krios (dark blue, EMPIAR-10216). (g) Dis-

tribution of magnification variation relative to the calibrated pixel size 0.492/pix is plotted in a histogram.
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3.1.2.2 Visual Analysis of the 3D Map at Atomic Resolution

The 1.25 Å map was slightly sharpened with a map sharpening factor B = 20 Å2 only

for visualization purposes. Compared to X-ray density maps at the same resolution, the

cryo-EM map showed well-defined densities at positions where hydrogens should be

located for almost all atoms (see Figure 3.7 and 3.8). The observation is consistent to the

established theory that the scattering cross section of hydrogen is larger for electrons

than that of photons [16] [126]. XRC requires a resolution 6 1 Å in order to visualize hy-

drogens due to the limited scattering of photon from a single electron in the hydrogen

atom. However, cryo-EM is expected to see hydrogens earlier because electron experi-

ences greater scattering from the nuclear potential of hydrogen, as observed in this 1.25

Å map of apoF at low density threshold. At higher density threshold, most carbon, oxy-

gen and nitrogen atoms appeared to be clearly separated. This showed that the current

map reached atomic resolution and is able to resolve individual atoms.

Figure 3.7: Cryo-EM map of apoF at atomic resolution. Tyr32, Trp93 and Leu 82 are used as examples

to show how cryo-EM map looks at atomic resolution. Hydrogen densities are displayed at every atom

position at low density thresholds (grey), while at high density thresholds atoms appear to be clearly

separated (red).
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Figure 3.8: Comparison between X-ray and cryo-EM maps at the same resolution. Cryo-EM maps at

different resolutions were generated from apoF data subsets to compare with reference X-ray maps at

the same resolution. The numbers beneath each column of the cryo-EM structures denote the number of

particles in the respective data subset, while the code undeaneath each column of the X-ray maps denote

the PDB reference code. The maps were visualized at both high (red) and low (grey) density thresholds.

At resolution 6 1.6 Å, the scattering power of hydrogen to electrons or photons does not significantly

influence the observed structures as the information at the attained resolution is limited. However, at

resolution > ∼ 1.3 Å, hydrogen densities (arrowheads) begin to appear in the cryo-EM structures while

that is absent in the X-ray density until it reaches ∼ 1 Å.



3.1 proof of principle 57

3.1.3 Comparison of Different Cryo-EM Systems

Since proteins are sensitive to radiation damage [40] [110], cryo-EM data were acquired

at low dose and resulted in noisy images. To increase the SNR of the data, a large

amount of statistics was acquired and particle images were summed to calculate a 3D

map [36]. The required number of particle images for a reconstruction is related ex-

ponentially to its obtained resolution [90]. The maximum attainable resolution for a

protein sample with a particular cryo-EM system could then be estimated when the

required amount of statistics was projected to infinity. The relationship between particle

number and its resultant resolution is linearized when plotting the logarithm of the

particle number versus the reciprocal of its resolution-squared. The slope of this simple

linear regression is named the experimental B-factor, which serves as a numerical metric

to rate the overall quality of a given instrument setup.

The performance of Titan Krios Mono/BCor was compared to other commercial cryo-

EM systems using this experimental B-factor as the FOM. Data points for Titan Krios

Mono/BCor were obtained by refining the particles independently from random sub-

sets of the apoF data described in Section 3.1.2. Error bars were calculated from repeat-

ing the refinement procedures 3 times, each with a new random subset. Data points for

Jeol CryoARM 300 (EMPIAR-10248 and EMDB-9865) and Talos Arctica (EMPIAR-

10337 and EMDB-21024) were taken from their respective publications, while that for

Titan Krios (EMPIAR-10216) was recomputed from the deposited raw data.

resolution limits Results from apoF data sets showed that current commercial

cryo-EM systems are all capable to resolve protein structures up to 2 Å, provided that

the sample quality is assured (see Figure 3.9). However, it would be different when

aiming at atomic resolution, as the experimental B factor would govern how far the

cryo-EM system could achieve. With a B factor of 36 Å2, Titan Krios Mono/BCor

would reach only slightly beyond ∼ 1.25 Å before the amount of statistics becomes

too much to compute. However, Jeol CryoARM 300 and Titan Krios would already

experience such limitation at ∼ 1.4 Å with their respective B factors being 46 Å2 and 50

Å2, whereas Talos Arctica could only reach ∼ 1.7 Å with a B factor of 81 Å2 at its best.

From extrapolation, a resolution of ∼ 1 Å would only be achieved if a system has a B

factor of ∼ 30 Å2, and that is not yet available with the current technology.
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Figure 3.9: Resolution limits for different cryo-EM systems. The obtained resolution of a protein recon-

struction, where apoF was used as the model protein, is related to its number of particle images exponen-

tially [90]. Therefore, the attainable resolution of a particular cryo-EM system would eventually be limited

by the growing statistics. Here, Titan Mono/BCor (teal) is compared to 3 other commercial cryo-EM sys-

tems, namely Jeol CryoARM 300 (EMPIAR-10248 and EMDB-9865, blue), Titan Krios (EMPIAR-10216,

dark blue) and Talos Arctica (EMPIAR-10337 and EMDB-21024, purle). All cryo-EM systems are capable

to reach up to 2 Å. However, depending on their respective experimental B factor, each cryo-EM system

has its own maximum attainable resolution, with Titan Krios Mono/BCor being the only one that can

reach 1.25 Å. To aim for obtaining ∼ 1 Å resolution with a reasonable amount of statistics, it is required

that the system achieves an experimental B factor 6 30 Å2 (mint).

system efficiency The efficiency of the cryo-EM systems would be better high-

lighted with a linearized B factor plot (see Figure 3.10). For comparison, it requires

∼ 120, 000 particle images from Jeol CryoARM 300 to obtain a 1.55Å map of apoF, while

it only needs ∼ 22, 000 from Titan Krios Mono/BCor to achieve the same. Rather than

an overnight session for data acquisition with Jeol CryoARM 300, only ∼ 2 h is needed

for Titan Krios Mono/BCor to finish acquiring all data for the reconstruction at a rate

of ∼ 100 images/hr with BIS (for details, see Figure 3.3). This reduction in experimental

B factor, as a FOM to describe the performance of Jeol CryoARM 300 versus that of

Titan Krios Mono/BCor, translates to ∼ 5.5 × boost in time efficiency on instrument

usage, which is important to facilities with high user demands. Additionally, extra time

can be saved from processing a data set of ∼ 5.5 × reduced size to obtain a 3D structure.
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Figure 3.10: Performance of different cryo-EM systems. The experimental B factor plot shows a com-

parison between Titan Mono/BCor (teal) and the 3 other commercial cryo-EM systems, including Jeol

CryoARM 300 (EMPIAR-10248 and EMDB-9865, blue), Titan Krios (EMPIAR-10216, dark blue) and Ta-

los Arctica (EMPIAR-10337 and EMDB-21024, purple). Error bars are standard errors determined from

3 independent calculations, and the central values are the means. The experimental B factor was derived

from the slope of each simple linear regression line and used as a FOM to describe the instrument perfor-

mance. Note that Titan Krios Mono/BCor achieved a smaller experimental B factor than the commercial

systems even when the apoF data was only corrected for defocus and 1st order astigmatism (green). In

general, instrument with a smaller experimental B factor has better performance and higher efficiency.

3.1.4 Comparison of Different Computational Strategies

In cryo-EM, the particle images collected are 2D projections of the observed protein and

require complex image processing procedures to reconstruct a 3D map. These compu-

tations often include a refinement step to fit additional parameters into the CTF as an

attempt to correct for the phase errors originated from the intrinsic aberrations from

microscope instrumentation [45]. As the resolution of the map is defined as the FSC0.143

between the 2 reconstructions from the random half sets of the particles [47], the strate-

gies in data treatment would very likely affect the resultant resolution and subsequently

the experimental B factor. Therefore, a detailed analysis is needed to discern the B factor
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dependence on software corrections.

5 sets of software corrections with increasing complexity were examined with the apoF

data collected from Titan Krios Mono/BCor, and the experimental B factor was de-

rived from the resolution of the respective calculated structures (see Figure 3.11). These

corrections included several parameters: 1st order astigmatism (UVA), coma and trefoil

(B2T), spherical aberration (CS), magnification anisotropy (S) and Ewald sphere (E).

Results from the calculations showed that the experimental B factor lowered with in-

creasing complexity of CTF-related adjustments (see Figure 3.11). This showed a posi-

tive correlation between the obtained resolution and the amount of introduced software

corrections, and could easily be manipulated by software misuse. Although refinement

of CTF parameters does not affect 3D reconstructions > 2 Å because of its low signal

attenuation in the low spatial frequency regime, this changes dramatically when aiming

to reach atomic resolution as proven. Particularly, a drastic jump of the experimental B

factor from 36 Å2 to 20 Å2 was observed when additional beam tilt corrections was

applied to the data, yielding an improvement in resolution from 1.25 Å to 1.15 Å. How-

ever, the reconstructed map at 1.15 Å showed no apparent difference in the information

of the protein, and only showed differences in the noise region (see Figure 3.12). There-

fore, it is then crucial to verify the reliability of such a calculation, and determine if this

numerical resolution metric based on FSC0.143 gives a true representation of the amount

of information encoded in the map.
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Figure 3.11: B factor dependence on software corrections. The apoF data set was calculated with different

computational strategies. With correcting only for 1st order astigmatism (UVA, green), the reconstruction

reached 1.33 Å resolution with a B factor of 41 Å2. Ewald sphere correction improved the resolution

to 1.27 Å and the B factor to 37 Å2 (UVA_E, red). The 1.25 Å map was obtained with magnification

and CS refinement (UVA_SCs_E, teal). Additional beam tilt related aberrations correction gave a huge

improvement to 1.15 Å and a B factor of 20 Å2 (UVA_SCsB2T*_E, olive). * indicates that images were

pre-groupped into clusters according to BIS distance prior to corrections calculations.



62 results

Figure 3.12: Differences in structural features observed between the 1.25 Å and 1.15 Å cryo-EM maps.

With additional beam tilt corrections from CTF refinement, the resolution of the apoF map improved from

1.25 Å to 1.15 Å. Both maps were visualized in Coot [31] at different map levels. Despite the increase

in nominal resolution determined from the FSC0.143 metric, no apparent difference of the protein was

observed between the maps as exemplified from the 3 water molecules in close proximity (top panel).

Instead, visible differences in the noise region were observed (bottom panel). Arrowheads indicate the

same positions across both maps for ease of comparison.
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3.1.5 Validation of Cryo-EM Maps with Model Building Parameters

A high quality cryo-EM map at atomic resolution should allow model building without

the need to apply chemical restraints. While the refined atomic model should be mostly

chemically reasonable, for example atoms in a sp2 hybridized systems should remain

close to the mean plane [33], small deviations to the established chemical knowledge

might give insights to reveal hidden mechanisms of reactions catalysed by that partic-

ular protein. However, if the stereochemical information of the model largely deviated

from the mean target values for its resolution [57], then it is an indication of the map

being geometrically distorted. Therefore, a quality control for a cryo-EM map could be

done by analysing the statistics from its model refinement.

To allow fair comparisons, particles from the apoF data set collected by Titan Krios

Mono/BCor were splitted into a subset of 22, 000 and refined to yield a 1.55 Å re-

construction (denoted as UVA_SCS_E subset). Another subset of particles were refined

with the software package Cow [98] instead of Relion [45] (denoted as Cow). Solvent

molecules were manually added and model refinement was performed on the unsharp-

ened maps by Refmac5 [77].

stereochemistry Results of the model refinement were listed in the table below

(see Table 4). There were 3 maps at a similar resolution of ∼ 1.55 Å. 1 of them was recon-

structed from the apoF data recorded with Jeol CryoARM 300 (EMDB-9865, denoted as

Jeol), whereas the other 2 were from data obtained with Titan Krios Mono/BCor but

computed differently. By comparing the model statistics from these 3 maps, the smaller

RMS deviation of bond length and bond angle from their ideal values showed that the

data collected from Titan Krios Mono/BCor yielded models of better geometry com-

pared to that collected from Jeol CryoARM 300. The major difference between the data

collected with Jeol CryoARM 300 versus that with Titan Krios Mono/BCor was the

amount of optical aberrations. Whereas Titan Krios Mono/BCor achieved aberration

free imaging, the temporal instabilities of the cold FEG equipped in Jeol CryoARM 300

caused beam tilt fluctuations and induced substantial coma in the images [46]. Model

refined from reconstructions would be suboptimal, when the beam tilt induced coma

was not accurately compensated by the software corrections.
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Figure 3.13: Structural features and model fitting of cryo-EM maps reconstructed from different apoF

data sets. Two residues His151 and Arg76 are used as examples to show how well the refined models could

be fitted into their respective apoF maps. The 1.55 Å structure was reconstructed from a particle subset

(UVA_SCS_E subset) of which yielded the 1.25 Å final apoF map (UVA_SCS_E). Both maps are from the

data acquired by Titan Krios Mono/BCor, whereas the 1.54 Å map was calculated from data obtained

with Jeol CryoARM 300 (EMDB-9865, Jeol). At low density threshold (grey), the 1.55 Å map showed better

defined densities compared to the 1.54 Å map. However at high threshold (1.25 Å map: red, 1.54 Å map:

purple, 1.55 Å map: orange), only the 1.25 Å map was capable to resolve individual atoms.

Similar behavior that questioned the accuracy of software corrections was observed

when comparing the model statistics from the 1.33 Å, the 1.25 Å and the 1.15 Å maps

from Titan Krios Mono/BCor. Not only did the RMS deviation of bond length and

bond angle increase as more software corrections were involved in the calculations, but

also the model to map cross correlation dropped as well. These indicators of model

geometry should get closer to their target values, if the map truly reflected a higher

resolution as reported from the FSC0.143 metric.

modelled solvents Results of model building showed that the number of water

molecules identified in a map increased with its nominal resolution, regardless of the

method which it was obtained being XRC or cryo-EM (see Figure 3.14). At ∼ 1.55 Å,

more water molecules were mapped in the data collected with Titan Krios Mono/B-

Cor, compared to that with Jeol CryoARM 300. Among these 3 maps, the data pro-

cessed by the software package Cow [98] yielded the most water molecules. However, in
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general the cryo-EM maps have less water molecules built in contrast to the X-ray maps

for an unknown reason.

Figure 3.14: Number of water molecules modelled in cryo-EM and X-ray apoF maps at different reso-

lution. In general, the amount of water molecules that could be modelled increased when the resolution

of the cryo-EM maps became higher. However, the number was still less when compared to that of X-ray

structures (orange) at the same resolution. At the same resolution, the apoF data collected with Titan

Krios Mono/BCor (teal) had more waters than that collected with JeolCryoARM 300 (blue), with the

one processed by the software package Cow [98] (green) having the most.
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3.2 application to catalytically active protein samples

After completing the experiment for proof of principle with a near-perfect sample apoF,

it is of great interest to know how Titan Krios Mono/BCor perform with catalytically

active proteins that have higher complexity and structural heterogeneity. For this, 3

proteins of different sizes and functions were analyzed, namely the h20S, FAS and TRiC.

These samples were purified by and received from Dr. Fabian Henneberg, Dr. Kashish

Singh, and Dr. Elham Paknia respectively.

3.2.1 h20S Proteasome

h20S is majorly involved in proteolysis to remove excessive or misfolded proteins in cells

[10]. It is a large cylindrical complex weighing ∼ 750 kDa and consists of 28 subunits

arranged in a C2 symmetry [62]. Each asymmetric unit is composed by 2 heptameric

rings coaxially stacked, with the outer ring being formed by 7 α subunits, α-1 to α-7,

and the inner ring by 7 β subunits, β-1 to β-7. Whereas the α ring acts as a docking site

for the regulatory unit, the β ring contains the active sites for peptide bond hydrolysis

[20]. So far, the highest resolution of the h20S structure published with cryo-EM is 2.6

Å but that could not provide enough structural information for modelling ions and

solvents [118]. These were only reliably modelled from the XRC data obtained at 1.8

Å [99]. Therefore, the h20S was used as the first native protein specimen to test the

capabilities of Titan Krios Mono/BCor.

3.2.1.1 Image Processing and 3D Reconstruction of h20S

Cryo-EM data for h20S was acquired on Titan Krios Mono/BCor at 300 kV using a

Falcon 3 direct electron detector in electron counting mode. 9, 019 movies were col-

lected from 6 separate data acquisition sessions. However, instead of imaging close

to focus like how the apoF data sets were acquired, a slightly higher defocus of ∼ 1

µm was used as the side view of h20S showed comparatively less contrast (see Figure

3.15). The movies collected contains 40 frames each and the frames were combined into

micrographs with motion correction and dose-weighing. Initial CTF information was es-

timated from the micrographs by Gctf [130]. However, from the 2D FFT it was observed

that the SNR for Thon rings fitting was much lower compared to that of apoF.



68 results

The image processing framework for h20S was the similar to that used for apoF (see

Figure 3.16), with the 6 data sets being first computed independently to remove blurry

images or false picks. Afterwards, all polished particles were combined for 3D refine-

ment. Since the subunits of h20S were arranged in a C2 symmetry, unlike O for apoF,

the symmetry operator used for all 3D refinements was changed accordingly. A struc-

ture from data bank (PDB-5LE5) low passed to 20 Å was used as 3D reference. The

data only refined to ∼ 1.9 Å after 2 rounds of 3D refinement. Therefore, magnification

refinement, and Ewald’s sphere correction were not subsequently performed as the er-

ror related to pixel size and focal depth would be insignificant at such resolution for

the size of h20S. However, a box size expansion was calculated in the last round of 3D

refinement to rescue any high resolution information that was lost due to delocalization

from defocusing. The computation procedures yielded a final reconstruction at ∼ 1.87 Å.

Results from h20S showed the experimental B factor increased from 36 Å2 to 49 Å2

when the native protein was used as specimen instead of the near-perfect recombinant

protein apoF. The increment of the experimental B factor indicates that the properties

and behavior of the biological specimen greatly hinder the attainable resolution with

cryo-EM. In case of h20S, the metadata analysis showed that the particles had a pref-

erential orientation, with a large proportion of the particle images being the top view

of the protein (see Figure 3.17). This means that although there was a large amount

of statistics, most of them only gave information covering part of the Eucledian space.

This led to a lack of information particularly related to the side view of the protein, and

therefore resulting in an experimental B factor increment.
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Figure 3.15: Example micrographs of h20S at different defoci. Example micrographs of h20S at different

defoci are shown (left panel). At 0.6 µm defocus, the particles were barely visible. Top views of the protein

were comparatively easier to be picked as it displayed higher contrast than its side view. At 1 µm and 1.4

µm defoci, both top views and side views of the h20s could be clearly distinguished from the background.

The CTF was fitted from the 2D FFT of the images with EPA from Gctf [130] (right panel). White circles

indicate the maximum resolution estimated from Gctf [130]. Compared to that of the apoF data (see Figure

3.4), the SNR of the h20S data was much lower for Thon rings fitting.
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Figure 3.16: Image processing pipeline of h20S. CTF estimation was performed with Gctf [130] on the

micrographs, while all 2D and 3D operations were calculated using Relion [45] unless otherwise specified.

Details of the image processing procedures was described in Section 3.2.1.1.
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Figure 3.17: Metadata of the h20S data sets. (a) The FSC0.143 calculated from the combined data half sets

indicates that the 3D reconstruction of h20S reached a resolution of 1.87 Å. (b) The defoci distribution

of all data sets is plotted in a histogram. 9, 019 micrographs were collected with 6 2 µm defocus, with

a mean of ∼ 1.2 µm. (c) Angular distribution of the final map indicates that the h20S particles had a

preferential orientation. The images showing the top view of the protein is the most populated, while

moderate amount of data shows the tilted view. Only small amount of data covers the side view of the

protein. (d) The experimental B factor of the h20S data sets was calculated to be 49 Å2 from the slope of

the plot.
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3.2.1.2 Visual Analysis of the 3D Map of h20S

The 1.87 Å structure otained from the data collected by Titan Krios Mono/BCor is by

far the best resolved structure for h20S with cryo-EM. At this resolution, the solvents

could be directly visualized. It could be clearly deduced from the structure how the

metal ions were coordinated in the protein with the surrounding solvents (see Figure

3.18). The structural features were cross validated with reference model obtained from

the XRC data (PDB-5LE5) and no deviation was observed.

Figure 3.18: Direct visualization of metal ion coordination in h20S. An example of a K+ ion in the α-7

subunit of the h20S is shown. With the cryo-EM map at 1.87 Å reconstructed from the data collected with

Titan Krios Mono/BCor, the coordination of the K+ ion with its surrounding side chains and water

molecule is directly visualized.
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3.2.2 Fatty Acid Synthase

The FAS is responsible for the biosynthesis of long-chain fatty acids from 4 metabolites,

namely acetyl-CoA, malonyl-CoA, NADPH and ATP [120]. The yeast FAS is a large

multimeric complex weighing ∼ 2.6 MDa and consists of 18 subunits arranged in a

D3 symmetry [124]. The whole complex takes the shape of 2 domes formed by 6 β-

subunits, which are separated by an equatorial central wheel formed by 6 α-subunits.

The metabolites are cycling inside the domes during the biosynthesis of fatty acids [69].

Due to difficulties in crystallizing such a macromolecular complex, and the complexity

of processing data with high symmetry, the resolution of yeast FAS structures obtained

with XRC and cryo-EM has been limited to ∼ 2.8 Å [105] [58]. Therefore, the yeast FAS

would be an interesting protein sample for Titan Krios Mono/BCor, and successful

elucidation of a high resolution structure would help depict the mechanism of substrate

shuttling in the mega-Dalton complex.

3.2.2.1 Image Processing and 3D Reconstruction of FAS

Cryo-EM data for the yeast FAS with malonyl-CoA and NADP+ was acquired on Ti-

tan Krios Mono/BCor at 300 kV using a Falcon 3 direct electron detector in electron

counting mode. 30, 659movies were collected from 16 separate data acquisition sessions.

As the macromolecular complex displayed lower contrast, a higher defocus of ∼ 1.6

µm was used for image acquisition (see Figure 3.19). The movies collected contains 40

frames each and the frames were combined into micrographs with motion correction

and dose-weighing. Initial CTF information was estimated from the micrographs by

CTFFIND4 [87].

The image processing framework for the yeast FAS with malonyl-CoA and NADP+ was

graphically illustrated below (see Figure 3.20). The 16 data sets were first computed in-

dependently with 3 rounds of 2D classifications to remove blurry images and false picks,

subsequently with 1 round of 3D classification without symmetry imposed to remove

particles that were not intact. The remaining particles were refined to a 3D structure for

quality check. A structure from data bank (EMD-4578) low passed to 45 Å was used

as reference for the 3D calculations. A D3 symmetry was used for all 3D refinements.

Then, all particles were combined to perform 2 rounds of 3D refinement with CTF re-

finement and particle polishing. Afterwards, a box size expansion was calculated in the

last round of 3D refinement. Due to the large molecular size of the yeast FAS, an Ewald



74 results

sphere correction was performed after the 3D refinement, yielding a final reconstruction

at ∼ 1.87 Å.

Results from FAS indicated an experimental B factor of 53 Å2, which is slightly higher

than that of h20S (see Figure 3.21). This might be because compared to h20S, FAS ex-

hibits higher conformational heterogeneity and is less stable. The higher symmetry of

FAS also adds difficulty to the computational procedures, so that some broken particles

or images of suboptimal quality might have remained in the final reconstruction. There-

fore, this shows that, again, the properties and behavior of the protein is the dominant

factor hindering the attainable resolution with cryo-EM.

Figure 3.19: Example micrographs of the yeast FAS at different defoci. Example micrographs of h20S at

different defoci are shown (left panel). At 1.0 µm defocus, the particles were barely visible, whereas at 1.6

µm the FAS particles could be clearly distinguished from the background. The CTF was fitted from the 2D

FFT of the images up till 5 Å with CTFFIND4 [87] (right panel).
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Figure 3.20: Image processing pipeline of FAS. CTF estimation was performed with CTFFIND4 [87] on the

micrographs, while all 2D and 3D operations were calculated using Relion [45] unless otherwise specified.

Details of the image processing procedures was described in Section 3.2.2.1.
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Figure 3.21: Metadata of the yeast FAS data sets. (a) The FSC0.143 calculated from the combined data half

sets indicates that the 3D reconstruction of the yeast FAS reached a resolution of 1.87 Å. (b) The defoci

distribution of all data sets is plotted in a histogram. 30, 659 micrographs were collected with 6 2.5 µm

defocus, with a mean of ∼ 1.6 µm. (c) Angular distribution of the final map indicates that the yeast FAS

particles had a preferential orientation, with a large proportion of the images collected showing the side

view of the protein. (d) The experimental B factor of the FAS data sets was calculated to be 53 Å2 from the

slope of the plot.
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3.2.2.2 Visual Analysis of the 3D Map of FAS

The cryo-EM map of the yeast FAS with malonyl-CoA and NADP+ at ∼ 1.87 Å provided

a clear visualization for all cofactors and substrates at their respective active sites of the

protein. With the advantage of aberration free imaging from Titan Krios Mono/BCor,

the reconstruction is free from geometrical distortion and allows visualization of the co-

factor flavin mononucleotide (FMN) with a 22 o bending. (see Figure 3.22). Furthermore,

positions of some structural waters could also be accurately located and that gave infor-

mation about the primary hydration shell of the corresponding cofactors. Overall, the

high resolution structure of yeast FAS has provided unprecedented structural insights

into its functional mechanisms.

Figure 3.22: Cofactors, substrates and structural waters identified from the yeast FAS cryo-EM map. (a)

The cofactor FMN bound at the enoyl reductase active site was identified. The density shows a clear 22
o bending in the isoalloxazine ring system indicating its reducing role in the fatty acids biosynthesis. (b)

FMN was visualized to be in coordination with the side chains of enoyl reductase active site amino acids.

The structural waters identified provided information about the primary hydration shell of the protein

with its cofactor. Figures are reprinted from [104] with special credits to Dr. Kashish Singh.
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3.2.3 TCP-1 ring chaperonin

The TRiC is a molecular chaperone complex that assists protein folding in an adenosine

tri-phosphate (ATP) dependent manner [73]. It is a globular complex weighing ∼ 950

kDa and consists of 16 subunits arranged in a C2 symmetry [66]. Each asymmetric

unit is composed by 8 paralogous subunits, CCT1 to CCT8, with each bearing an ATP-

binding site for ATP hydrolysis [88] [84]. Together, the 2 asymmetric units enclose an

empty central cavity that allows protein-folding to occur in a protected environment

[113]. Due to its pseudo-D8 symmetry, TRiC has been a difficult target for cryo-EM

image processing [22]. So far, the highest resolution of the TRiC structure in closed state

published with cryo-EM is 2.5 Å and the contacts between ATP and its binding sites

remain unrevealed [61]. Therefore, the TRiC would be an exciting protein specimen for

Titan Krios Mono/BCor, and a high resolution structure of TRiC would give more

insights to how hydrolysis of ATP is utilized to assist polypeptide folding.

3.2.3.1 Image Processing and 3D Reconstruction of TRiC

Cryo-EM data for TRiC with ATP-AlFx was acquired on Titan Krios Mono/BCor at

300 kV using a Falcon 3 direct electron detector in electron counting mode. 52, 832

movies were collected from 18 separate data acquisition sessions. As the hetero 16-mer

complex was observed to disassociate during sample preparation, cryo-EM grids for

TRiC with ATP-AlFx were prepared on foil instead of in-holes. By doing so, a surface

was provided for protein adhesion so that the proteins could be protected from blotting

forces. However, as a trade off, higher defocus of ∼ 2.2 µm was required for image ac-

quisition, because signals from amorphous carbon gave strong background scattering

and reduced image contrast. (see Figure 3.23). The movies collected contains 40 frames

each and the frames were combined into micrographs with motion correction and dose-

weighing. Initial CTF information was estimated from the micrographs by Gctf [130].

The strong signals for Thon rings fitting observed from the 2D FFT was the contribution

from the amorphous carbon.

The image processing framework for TRiC with ATP-AlFx involved more 3D operations

as the protein has an extent to disassemble during grid preparation (see Figure 3.24).

Therefore, more efforts were needed to sort out broken particles from the images. The

18 data sets were first computed independently with 2 rounds of 2D classifications to

remove blurry images and false picks, subsequently with 1 round of 3D classification
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without symmetry imposed to remove particles that were not intact. A structure from

data bank (PDB-7LUM, EMD-23522) low passed to 20 Å was used as reference for the

3D calculations. Then, the remaining particles were refined to an initial 3D structure

with CTF refinement and particle polishing. A C2 symmetry was used for all 3D re-

finements. Afterwards, all polished particles from each data set were combined for 2

rounds of 3D refinement with CTF refinement and particle polishing. At last, a box size

expansion was calculated in the last round of 3D refinement and yielded a final recon-

struction at ∼ 1.97 Å.

Results from TRiC indicated an experimental B factor of 64 Å2, which is the highest

among the 3 protein specimens (see Figure 3.25). The exceptionally high experimental

B factor for TRiC compared to that of h20S and apoF could be likely due to the use of a

foil for grid preparation, and the amorphous carbon gave strong background scattering,

thereby masking the high resolution signals from the proteins. Also, much information

was lost from signal delocalization because of the high defocus used to acquire the im-

ages. Although a recovery was observed from the box size expansion, as indicated by

the increase in resolution from 2.36 Å to 1.97 Å, it is highly probable that some high

spatial frequency information remained unrecovered. Therefore, despite the protection

provided to alleviate the protein disassembly, preparing the grids on foil rather than

in-holes had worsened the image quality, as shown from the TRiC data sets here.
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Figure 3.23: Example micrographs of TRiC at different defoci. Example micrographs of TRiC at different

defoci are shown (left panel). Contrast of the images were lowered because the proteins were floated

on a carbon foil during grid preparation, and the amorphous carbon gave strong background scattering.

Therefore, a higher defocus for data acquisition was required to compensate for the contrast loss. The CTF

was fitted from the 2D FFT of the images with EPA from Gctf [130] (right panel). White circles indicate the

maximum resolution estimated from Gctf [130]. The high SNR observed for Thon rings fitting came from

background scattering of the amorphous carbon.
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Figure 3.24: Image processing pipeline of TRiC. CTF estimation was performed with Gctf [130] on the

micrographs, while all 2D and 3D operations were calculated using Relion [45] unless otherwise specified.

Details of the image processing procedures was described in Section 3.2.3.1
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Figure 3.25: Metadata of the TRiC data sets. (a) The FSC0.143 calculated from the combined data half sets

indicates that the 3D reconstruction of TRiC reached a resolution of 1.97 Å. (b) The defoci distribution of all

data sets is plotted in a histogram. 52, 832 micrographs were collected with 6 3 µm defocus, with a mean

of ∼ 2.2 µm. (c) Angular distribution of the final map indicates that data points covered fully the whole

Eucledian space. However, TRiC had a slight preference to show the tilted view. (d) The experimental B

factor of the TRiC data sets was calculated to be 64 Å2 from the slope of the plot.
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3.2.3.2 Visual Analysis of the 3D Map of TRiC

The cryo-EM map of TRiC with ATP-AlFx at ∼ 1.97 Å provided a clear visualization for

all 16 ATP-AlFx substrates in each ATP binding site of the protein. With the advantage

of aberration free imaging from Titan Krios Mono/BCor, the reconstruction is free

from geometrical distortion and allows accurate modelling of the sugar pucker confor-

mation of ATP (see Figure 3.26). Moreover, positions of metal ions and some structural

waters could also be accurately located. The structure also revealed information about

the locations and coordinations of different AlFx clusters.

Since TRiC contains many ions and coordinated metal clusters, it is an interesting sub-

ject to test for how different computation strategies would possibly change their vi-

sualization and affect the subsequent biological interpretation at sub 2 Å resolution.

Therefore, an experiment similar to that described in Section 3.1.4 was performed to

depict the relationship between different computation strategies and the resulting struc-

tural features observed in the map. The control of the experiment was a 2 Å map of

TRiC with AlFx without any CTF corrections. With CTF corrections, the map resolution

improved from 2 Å to 1.95 Å. Another map of similar resolution at 1.97 Å was generated

with, instead, more statistics for a fair comparison.

The analysis of the results focused on an ATP substrate in contact with an AlFx cluster.

From the 2 Å map, at lower threshold, a little bump of the density indicated a poten-

tial presence of a second F- ion coordinated with the Al3+ ion. A small density beside

PO3- also indicated a potential presence of a solvent molecule. However, these could

not be reliably modelled in the 2 Å map, because the noise also started to appear when

the threshold became higher. When the map resolution became better with more statis-

tics, at 1.97 Å, 3 improvements regarding these structural features were observed: (i)

the density bump corresponding to the presence of a second F- ion became more obvi-

ous, (ii) the solvent molecule beside PO3- became clearly defined, and (iii) surrounding

noise were suppressed at a higher threshold. These observations showed that the 1.97

Å map obtained with increased statistics contains more structural information of the

protein that allows model building. In contrary, the 1.95 Å map did not provide the

same amount of information, despite the apparent resolution increment determined

from FSC0.143. At lower threshold, the density corresponding to the second F- ion was

completely removed. Also, the surrounding noise was amplified. Only the density cor-
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responding to the solvent molecule beside PO3- remained well-defined. This, along with

the previous results from the apoF data sets in Section 3.1.4, showed that the software

approach to correct for higher order aberrations introduced errors to the protein recon-

structions. These errors did not only affect the geometry of the protein model at atomic

resolution, they also gave misleading information at sub 2 Å resolution that could result

in false biological interpretation as exemplified by the TRiC data sets here. Therefore,

this means that the software-based aberration corrections has a questionable reliability,

and the current conventional resolution metric FSC0.143 does not effectively describe the

information content of a cryo-EM map.
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Figure 3.26: ATP, metal ions and clusters identified from the TRiC cryo-EM map. (a) ATP substrates

were clearly identified in all ATP binding sites of the 16 subunits of TRiC. An example of ATP binding in

the δ-subunit is shown here. (b) A close-up of the ATP from (a) shows the C2’-endo conformation of the

sugar pucker. The TRiC structure also allows visualization of coordination of metal ions as exemplified:

(c) a Mg2+ ion coordinated by ATP and neighbor side chains, and (d) an Al3+ ion is coordinated in an

octahedral geometry with 4 F- ions and 2 aspartates.
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Figure 3.27: Comparison of the structural features observed from different TRiC reconstructions. 3 cryo-

EM maps of TRiC obtained from different computational strategies are compared. The 2 Å map served

as a control (left panel). While the 1.95 Å map was obtained with software corrections (middle), and the

1.97 Å map was obtained by increasing statistics (right panel). Comparison between the 2 Å map and the

1.97 Å map shows that a better resolution should include: (i) clear definition of the AlF2 cluster (cyan

arrowhead), (ii) clear definition of the solvent molecule (dark blue arrowhead) and (iii) suppression of

noise (teal arrowhead). However, these 3 criteria were not fulfilled by the 1.95 Å map.
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3.3 further technical upgrade of the microscope prototype

The second TEM hardware upgrade was carried out after the collection of the h20S, FAS

and TRiC data sets. It involved the installation of an energy filter Selectris X after the

projection chamber and a new post-filter camera Falcon 4 (for details, see Figure 2.2

and Section 2.2). The filter aims to remove inelastic scattering so that image contrast

could be enhanced, and thereby allows imaging close to focus to prevent information

delocalization. On the other hand, the new camera has a faster frame rate and encodes

new file format, so that temporal resolution of the data could be preserved [43]. With

these 2 new modules, Titan Krios Mono/BCor/EF was speculated to improve image

quality specifically for protein samples that are dose-sensitive and display low contrast.

However, prior to imaging protein samples, similar to the installation of Titan Krios

Mono/BCor, a first proof of principle is required to demonstrate the optical perfor-

mance of Titan Krios Mono/BCor/EF.

Images of a cross grating were manually taken with Titan Krios Mono/BCor/EF and

the information transfer was determined based on how far the diffraction spots could be

located from their computed 2D FFT. Results showed that the diffraction spots reached

the edge of the 2D FFT when the camera was saturated, indicating an information trans-

fer up to Nyquist frequency, which is 0.5 Å at 350, 000× magnification (see Figure 3.28).

Figure 3.28: Information transfer up to Nyquist frequency from Titan Krios Mono/BCor/EF. Image of a

gold cross-grating specimen recorded with Titan Krios Mono/BCor/EF (left panel) shows reflections up

to Nyquist frequency, which is 0.5 Å at 350, 000× magnification (right panel).
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As the image contrast, SNR and resolution are dependent on the electron dose, images

of cross grating were taken with 8, 5.5, and 1.5 e-/Å respectively to depict this relation-

ship and measure the information transfer with low dose settings [65]. Results showed

that arrays of gold atoms were visible in the real space images from all of the recorded

data (see Figure 3.29). From the computed 2D FFTs, information up to 1.18 Å were

well-observed from both the images obtained with 8 and 5 e-/Å2 respectively, whereas

clearly defined diffraction spots at 2 Å were observed from the image taken only with

1.5 e-/Å2. This indicates that the information transfer of Titan Krios Mono/BCor/EF

remains high when low dose settings are used to acquire images, which makes it an

excellent system to image protein samples.

Currently, the automation software for Titan Krios Mono/BCor/EF is still under de-

velopment. Therefore, more time and effort is needed to optimize the procedures for

automated data acquisition in order to utilize the system for imaging protein samples.

However, from the images collected on the cross grating, it is expected that the new

upgraded Titan Krios Mono/BCor/EF would have great prospects in improving the

image quality for protein samples of higher complexity and breaking the next 1 Å bar-

rier in single particle cryo-EM.
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Figure 3.29: Images of cross grating taken with different electron dose. Images of cross grating were taken

with 8, 5.5 and 1.5 e-/Å2 respectively to measure the information transfer in low dose settings. Arrays of

atomic gold could be identified in all images (left panel). The 2D FFT of the images were computed with

TIA (right panel). Diffraction spots up to 1.18 Å were clearly visible from the 2D FFT of the images taken

with 8 and 5.5 e-/Å2 respectively, whereas diffraction spots at 2 Å were observed from that taken with 1.5

e-/Å2.





4
D I S C U S S I O N

Structural biology studies how macromolecular machines, particularly proteins and nu-

cleic acids, function in cells. With different spectroscopic and imaging methods, the

structure, dynamics and interactions of the biological assemblies are revealed. Cryo-EM

is one of the popular tools used by structural biologists. Over the past decade, technolog-

ical advancement in cryo-EM has increased its accessibility and more protein structures

have been elucidated with cryo-EM. However, despite all techonological improvements,

protein structures determined from cryo-EM data have never reached atomic resolution

(until the work in this thesis published in 2020). There are many hurdles to face in order

to push the resolution limit in single particle cryo-EM through the 1.5 Å barrier, with

purification and stabilization of the biological sample being the hardest of all. Other

than the biochemical preparations, the optical performance of the TEM instrumentation

also has to be superior to ensure data quality. Furthermore, the calculations of the image

processing procedures need to be accurate and precise so that the reconstructed 3D map

would give a true representation of the protein itself. This thesis aimed to target one of

the hurdles in order to break through the resolution barrier of single particle cryo-EM.

With the new TEM prototype Titan Krios Mono/BCor, for the first time an atomic res-

olution protein structure was successfully elucidated with a near-perfect sample apoF.

This gave new perspectives to set benchmarks for cryo-EM maps at high resolution, and

questioned the validity of the gold-standard FSC as the only metric for resolution deter-

mination. With the advantage of aplanatic imaging from BCor, the aberration-free data

provided a reference to test the reliability of different computational strategies related

to CTF fitting with higher order optical aberrations. Titan Krios Mono/BCor was also

used to collect data for other biological specimens with higher complexity, namely h20S,

FAS and TRiC. Unfortunately, there was a gap to reach atomic resolution for those due

to different properties and behavior of the biological samples. In the end of the thesis, a

technical upgrade has begun to incorporate a filter Selectris-X and a new generation

camera Falcon 4 specifically to improve the TEM performance for imaging low con-

trast specimens with low dose that is necessary for life science applications. All of these

interesting findings will be discussed below.

91



92 discussion

4.1 the need for better tem optics

As previously mentioned there are a number of factors contributing to a barrier to

achieve atomic resolution in single particle cryo-EM. Although the biochemistry part is

the most difficult to tackle, it often limits the resolution of cryo-EM structures to 3 - 4

Å, as shown from the statistics from EMDB. At the high resolution regime, the optical

performance of the TEM plays an important role to determine how much information

from the specimen could be successfully transferred via the system.

4.1.1 Importance of Having Better Temporal Coherence in Cryo-EM

In high resolution TEM imaging, the information transferred is dampened by an enve-

lope function depending on the spatial and temporal coherence (see Section 1.2.3). In

case of life science applications, the envelope function is dominated by temporal coher-

ence rather than spatial coherence because the semi-convergence angle is 6 0.005 mrad

for 300 kV TEMs imaging with low dose settings [14]. The partial temporal coherence

of the system is caused by a defocus spread due to focusing an electron beam of differ-

ent energies with lenses suffering from chromatic aberrations. The energy spread of the

electron beam is affected by several factors, including the energy spread of the source,

current instability of the objective lens and instability of the acceleration voltage. Theo-

retically, reducing the energy spread of the source would reduce defocus spread of the

system, improve the temporal coherence, and therefore increase information transfer at

the high resolution regime. However, it is unknown how this practically performs when

there are addition challenges for life science applications, such as specimen sensitivity

to radiation damage and computational difficulty to solve the ill-posed inverse problem

of reconstructing a 3D structure from 2D images.

As a proof of concept, Titan Krios Mono/BCor was used to collect data for a recom-

binant protein apoF that is commonly used for resolution benchmarking in the commu-

nity to compare with the existing cryo-EM systems. Titan Krios Mono/BCor has the

advantage of a much narrower energy spread from the source due to monochromation,

and therefore a better temporal coherence. Results showed that compared to other cryo-

EM systems, namely Jeol CryoARM 300, a standard Titan Krios, and Talos Arctica,

reconstruction from the apoF data collected by Titan Krios Mono/BCor reached the

highest resolution of 1.25 Å and created a new record for the cryo-EM field.
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The achievement of Titan Krios Mono/BCor is majorly a result from monochromation

of the source. For reference, Jeol CryoARM 300 was equipped with a cold FEG which

gives an energy spread of ∼ 0.4 eV [46], standard Titan Krios and Talos Arctica

were equiped with a Schottky FEG that gives an energy spread of ∼ 0.7 eV, while Titan

Krios Mono/BCor had an energy spread of ∼ 0.1 eV. From data analysis of the apoF

data sets (see Figure 3.10), a trend for the experimental B factor of BTitan Krios Mono/BCor

< BJeol < BTitan Krios was observed, and that corresponds to the trend for energy spread

of ∆ETitan Krios Mono/BCor < ∆EJeol < ∆ETitan Krios. Therefore, it could be established that

having better temporal coherence effectively boosts the resolution limit of single particle

cryo-EM.

However, there is a gap between the theoretical expectation and experimental observa-

tion. In ideal case, reducing the energy width of the source alone would already be

enough to minimize the signal attenuation suffered from majorly the temporal coher-

ence envelope (see Figure 4.1). For instance, with a Schottky FEG of ∆E = ∼ 0.7 eV, ∼ 75%

of the information at the 1 Å regime would be lost. This signal deprivation would al-

ready be alleviated to ∼ 36% when a CFEG of ∆E = ∼ 0.4 eV is used. The deprivation

would further be reduced to ∼ 10% when the source is monochromated to ∆E = ∼ 0.1

eV. Despite such a high information transfer at 1 Å resolution, the apoF reconstruction

from Titan Krios Mono/BCor did not reach 1 Å, whereas that from Jeol CryoARM

300 did not even reach 1.3 Å. The difference between the theoretical expectations and ex-

perimental results showed that there are other factors contributing to information loss,

when TEM optics is no longer a limiting factor.

Such discrepancy between theoretical expectation and experimental results was further

amplified when catalytically active protein samples were used as specimens, includ-

ing h20S, FAS and TRiC. These protein samples provided data resembling most of the

scenarios faced by the cryo-EM field: (i) the target protein has preferential orientation,

(ii) the target protein exhibits conformational heterogeneity, (iii) the target protein has

limited stability, (iv) the target protein displays little contrast and (v) the target pro-

tein is large in size, so it can only be embedded in thicker ice. Experimental data from

h20S, FAS and TRiC demonstrated that a better temporal coherence would still be ad-

vantageous and applicable to all the above-mentioned scenarios, from the fact that the

data collected with Titan Krios Mono/BCor created new resolution record for all

these samples compared to the existing data deposits. On average, the resolution of
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Figure 4.1: Temporal coherence damping envelopes for different energy spread. The temporal coherence

damping envelope were calculated according to different types of source. For a monochromated source,

∆E = 0.1 eV was used for the calculation (teal), while for a CFEG ∆E = 0.4 eV was used (blue). For a

Schoktty FEG, ∆E = 0.7 eV was used (dark blue). Note that for resolution 6 2 Å, the temporal coherence

envelope does not play an important role in affecting the information transfer.

these catalytically active proteins reached ∼ 1.8− 1.9 Å, which is around ∼ 0.8− 1.0 Å

improvement compared to existing records. Although with cryo-EM maps at this reso-

lution, water molecules with high occupancy and metal ions could be reliably modelled,

there is no information related to hydrogens available. Therefore, in order to get rou-

tine atomic resolution structures with protein samples and thereby directly visualize the

chemistry of their respective biocatalysis, more efforts are needed to target the problems

related to the properties and behavior of the specimen.

4.1.2 Significance of Aberration Free Imaging

Since proteins are sensitive to radiation damage, images are acquired with low elec-

tron dose and the SNR of the data is compromised. Therefore as compensation, a large

amount of statistics is collected so that the SNR of the data can benefit from summa-

tion of the images. Such approach creates a demand for higher instrument throughput

because a data set typically requires thousands of images. For this purpose, BIS is used

by TEM automation softwares to acquire multiple images per stage move in order to

save time. However, this procedure introduces beam tilt, resulting in optical aberrations

especially coma that would induce phase errors in the images. These errors would be

significantly limiting when the data reaches > 2 Å. There are currently 2 possible solu-
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tions to correct for the optical aberrations, either by utilizing TEM hardwares for active

compensation, or by estimating the aberrations from the data collected with software

computations. Although the software corrections has been released for a while [45],

there is no validity checks for the algorithms as it was not possible to collect aberration

free data back then. Therefore, the data acquired with Titan Krios Mono/BCor, with

the advantage of aplanatic imaging, provided excellent references to test for the reliabil-

ity of the software corrections.

The reconstructed protein maps at both atomic resolution, from the apoF data sets, and

sub 2 Å resolution, from the TRiC data sets, showed that the software approach to cor-

rect for optical aberrations yielded questionable results. In both cases, the resolution re-

porter, FSC0.143, determined an improvement in resolution from the structures obtained

after introducing beam tilt corrections with CTF refinement. However, for apoF, the

structural features of the corrected map appeared to be almost identical to that without

software corrections except for the noise region. This computation result did not give

any additional information that allows atomic model refinement. Statistics from atomic

model building and refinement showed that extensive use of beam tilt corrections im-

plemented in the software led to larger deviations of bond angles and bond lengths,

and significantly less mapped solvents. This means that systematic errors were possibly

introduced into the data from the beam tilt corrections, resulting in the geometric distor-

tion observed during model building and refinement. For TRiC, the software corrections

even resulted in misleading information and removed the density for an ion that was

supposed to be in coordination with the bound ligand ATP. These results showed that

the software approach to correct for optical aberrations is not reliable regardless of the

resolution range.

There are several possible explanations to account for the software inaccuracy in esti-

mating the higher order optical aberrations as observed from the experimental results.

These corrections are done by introducing new coefficients into the CTF, with each de-

scribing a certain aberration such as coma or trefoil, and fine tuning these parameters

to maximize the correlation of the information per frequency of an particle image to its

corresponding projection from a prior 3D reference [45]. A weighing factor is applied

per resolution shell during the calculation based on the resolution determined from

FSC0.143. This means that in order for the algorithm to succeed, several conditions have

to be met: (i) the SNR is high for every resolution shell that is involved in the CTF
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refinement range, (ii) the prior 3D reference gives an accurate and precise projection

for accurate fitting of new CTF coefficients on the particle images, and (iii) the FSC0.143

gives an accurate resolution estimation for calculating a reasonable weighing factor to

avoid overfitting. Indeed, cryo-EM data hardly fulfils the 3 criteria stated above. For

criterion (i), the SNR would naturally reduce as resolution becomes higher due to the

temporal coherence envelope as discussed. For criterion (ii), cryo-EM reconstructions

utilize the expectation-maximization algorithm to iteratively locate missing parameters,

such as the angular information. With such approach, there is room for error propa-

gation across iterative cycles during the computation processes. Also these parameters,

following the Bayesian statistical framework, would be assigned in a range following a

probability distribution. For example, an particle image would be assigned an angular

range with different weighing factors instead of a fixed angle. This means that the prior

3D reference, generated from these iterative processes, is intrinsically imprecise, and

its accuracy is unknown until the resultant structure is used for model building and

cross-validation with biochemical experiments. For criterion (iii), the mathematical def-

inition of FSC0.143 implies that the metric is not an objective resolution reporter. Other

than describing how good the both data half sets correlates with each other, it gives

no information about how the reconstructed cryo-EM map can represent a true protein

structure. Therefore, from these view points, it could be concluded that the conditions

for the software algorithm to successfully correct for higher order aberrations in the

data are not met. This explains why the software computations gave flawed results as

observed from the apoF and TRiC experiments. The accuracy and precision of the soft-

ware approach to correct for higher order optical aberrations would only be quantifiable

and thereby allow improvements, if an error model could be generated. However, cur-

rently this is very challenging considering the Bayesian statistical framework used in

the reconstruction algorithms for generating cryo-EM maps.

On the other hand, correcting for higher order optical aberrations with TEM hardware

such as the BCor would be much more reliable. As the tuning of the hardwares are

done prior to imaging, the images used for the tuning can be collected on other in-

ert amorphous specimens with an electron dose of at least ∼ 40 × higher. Hence, the

SNR of the images used for aberration coefficients calculation from CTF fitting is much

better than that used by the software approach. Also, since the aberration coefficients

are calculated from a diffractogram series, the magnitude and direction of beam tilt

are known. Compared to software computations that requires an estimation for beam
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tilt, utilization of TEM hardware can result in correction for optical aberrations with

a much higher accuracy. Therefore, using hardware to actively compensate for optical

aberrations is the recommended option to ensure data quality.

4.1.3 Further Hardware Improvement for Proteins of Higher Complexity

As briefly mentioned above, there are extra challenges to face when imaging proteins

of higher complexity. For instance, they (i) display little contrast, (ii) have preferential

orientation, (iii) exhibit conformational heterogeneity and (iv) have limited stability. For

scenario (i), a higher defocus could be used to collect images in order to introduce more

contrast. For scenario (ii), either biochemical methods such as cross-linking could be

employed to change the surface properties of the protein, or technical solutions such as

tilting the grid when acquiring images could recover the information of missing angles.

For scenarios (iii) and (iv), either biochemical methods such as utilization of nanobod-

ies could be used to trap the protein in one conformation with enhanced stability, or

computational methods could be performed to classify the data. In any of the 4 cases,

further hardware improvement could provide aids in these situations.

The proposed hardware upgrade requires 2 extra modules, namely an energy filter

Selectris X and a new generation camera Falcon 4 to be installed in Titan Krios

Mono/BCor. This upgrade is speculated to push the experimental B factor from 36 Å2

to ∼ 30 Å2, allowing the resolution limit of the cryo-EM system to reach ∼ 1 Å. However,

rather than focusing on the near-perfect sample apoF, the upgrade specifically targets

to improve the TEM performance on proteins of higher complexity with the above-

mentioned 4 scenarios. The theoretical reasoning to account for such a speculation is

detailed below.

For scenario (i), although collecting images with higher defocus would introduce more

contrast, it comes with a cost of information delocalization. For that, a bigger box size

is needed for particle extraction and later processing procedures to avoid excessive loss

of high spatial frequency information. However, the box size cannot be over-expanded,

because there is a physical limit of the GPU memory, and it also creates difficulty for

the computation procedures to align the particles correctly when the box size is much

larger than the apparent particle size. Therefore, the installation of the energy filter

would be advantageous in this situation as it removes inelastically scattered electrons,
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increases image contrast and thereby enables imaging close to focus for these proteins

with higher complexity.

For scenario (ii), the electron beam has to travel through a thicker specimen area when

the embedded protein is larger in size or when the grid is tilted. This leads to more

inelastic scattering and reduces the SNR of the images collected. Such situation would

also be relieved with the use of an energy filter as well.

For scenario (iii) and (iv), the time cost for developing new biochemical strategies is

very high, as there is no universal protocol that works for all protein complexes. Much

effort is needed to optimize the experimental protocol for every protein target. Instead,

utilization of an energy filter to improve the SNR of the data enhances the possibility

of generating successful classification results from the computational procedures, be-

cause more features would be detected from the filtered images and that allows better

image alignment. Therefore, the TEM hardware improvement might be able to provide

a one-for-all solution to difficulties related to conformational heterogeneity and stability.

The new generation camera Falcon 4 on the other hand provides an overall enhance-

ment to the image quality and this improvement is applicable to all protein complexes.

It encodes the data in a new EER format that records the impact of electrons on the de-

tector as position against time, thereby preserving full temporal resolution of the data.

The higher frame rate of the new camera also allows its detective quantum efficiency

(DQE) to stay high as the dose rate increases, thereby facilitating a higher throughput

while assuring data quality by minimizing coincidence loss.

To summarize, the properties and behavior of protein samples add extra difficulties in

realizing the full potential of the improved optical performance of TEM to achieve rou-

tine elucidation of protein structures at atomic resolution. Further hardware improve-

ment, demonstrated by installation of Selectris X and Falcon 4 into Titan Krios

Mono/BCor, might provide a universal solution for imaging proteins of higher com-

plexity. Preliminary results showed that the information transfer reaches Nyquist fre-

quency with low electron dose, indicating that the instrumental set up is fully optimized

for imaging protein samples. Future work would be carried out to implement software

automation for data acquisition.
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4.2 information content of a cryo-em map at atomic resolution

As the first cryo-EM map reaching atomic resolution without the need of excessive soft-

ware alterations specifically related to the CTF, the 1.25 Å apoF reconstruction provided

valuable insights to the information content of cryo-EM data at such resolution. Several

important observations and interesting findings were documented and discussed below.

First, cryo-EM maps at true atomic resolution should allow direct visualization of indi-

vidual atoms. When the isosurface of the map is rendered in higher thresholds, clear

separation of most atoms should be shown. When the isosurface of the map is rendered

in lower thresholds, hydrogen densities at the respective atom positions should be dis-

played.

Second, structural features from the original unsharpened map should be enough to al-

low model building and refinement without the need of map sharpening. Conventional

map sharpening tools rely on a weighing factor determined from the Guinier plot (see

Section 2.4.5), and that often leads to over-sharpening as it does not account for the loss

of high resolution signals due to radiation damage in cryo-EM. The noise that appears

due to over-sharpening is indistinguishable with solvents at atomic resolution which

leads to misleading information for model building. Therefore, the use of sharpened

map for model building and refinement in high resolution cryo-EM should be avoided.

Third, in general the number of mapped solvents should increase as the map becomes

better resolved. Ideally, the number of water molecules identified in the map should be

close to a reference X-ray structure of the protein at the same resolution, if any, assum-

ing most of them are structural water molecules that correlates to the protein hydration

shell and contributes to its stability [34]. Interestingly, water molecules that were ob-

served from XRC data is in general more than that from cryo-EM. This might be due

to 2 reasons: (i) solvent components from the mother liquor, from where biomolecular

crystals are grown, integrate into the crystal structure and that contributes to extra wa-

ter molecules observed in the X-ray structures [123], and (ii) solvent molecules were

observed to rearrange themselves during the imaging process in cryo-EM, and that re-

duces the occupancy of water molecules observed in the cryo-EM structures [72].
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Overall, the first atomic resolution cryo-EM map generated from the data collected by

Titan Krios Mono/BCor provided an unbiased illustration of what information the

protein structure would contain at that resolution. With direct reconstruction from the

experimental data, errors due to software computations were minimized. Therefore,

this data would set reliable references to know what information could be expected

from a cryo-EM map at high resolution and give insights for developing data quality

measurement tools in the future.

4.3 validation for cryo-em map quality

The concern of inflated resolution claims that are not supported by the experimental

data has been a long term issue in the cryo-EM community. These claims can come

from data over-fitting and introduced bias towards input references. The current gold

standard resolution metric FSC0.143 cannot detect such issues, as the metric itself only

measures the correlation between the 2 data half sets, and this often results in resolu-

tion over-estimation. Also, FSC0.143 provides no information about how well the data

can relate to an actual protein structure. At lower resolution, these problems could be

avoided with visual inspection of the data for validation. For example, a cryo-EM map

at ∼ 5 Å should show separate β- sheets, and at ∼ 3.5 Å it should show densities for

bulky side chains. However, these benchmarks are not applicable to reconstructions ap-

proaching atomic resolution, as the differences in the structural features of the maps at

that resolution range would be hardly distinguishable by bare visualization.

Instead, from the experimental results of the apoF data collected by Titan Krios Mono/B-

Cor, it was shown that statistics from model building and refinement could be used

directly as validation tools for resolution assessment and map quality assurance. Sug-

gested metrics include map to model FSC0.5, map to model CC, RMS deviations of bond

angle and bond length, and the number of mapped solvent molecules. These metrics

provide quantifiable information about the model derived from the cryo-EM map for

direct comparison, and give knowledge about how much the derived model deviate

from a perfect stereochemistry. Compared to FSC0.143, these statistical parameters from

model building and refinement would provide a true representation of the information

content that is relevant to the protein structure from a cryo-EM map.



5
S U M M A RY A N D O U T L O O K

Cryo-EM is a powerful technique in structural biology to obtain 3D structures of biolog-

ical assemblies. The technique involves imaging the specimen in cryogenic conditions,

and subsequent computational procedures to reconstruct a 3D map of the biological

sample from the 2D images. Recent technological advancement in cryo-EM has allowed

3D structures of proteins to be resolved at near-atomic resolution. However, despite

these improvements in both software and hardware, cryo-EM still cannot overcome the

1.5 Å resolution barrier, at which the chemical information of proteins are hidden. To

directly visualize atoms from the reconstructed proteins and reveal the valuable chem-

ical information related to their catalytic mechanisms, it is necessary for cryo-EM to

reach 1.5 Å and beyond. Since cryo-EM is not a microscopy technique that is limited by

diffraction, the are some other factors that lead to the gap between the theoretical and

practical resolution limit. Apart from the difficulties in biochemical preparation of the

sample, these factors include (i) the imperfect microscope instrumentation, (ii) undesir-

able sample interaction with the electron beam and (iii) the non-ideal computational

procedures. In this thesis, the imperfect microscope instrumentation is the focus of the

study, as an instrument with suboptimal optical performance directly reduces informa-

tion transfer at high resolution.

The current commerical TEM for life science applications are already very powerful.

However, in the 1 Å regime, the performance of the TEM needs to be better to ensure

high information transfer and good data quality. The hardware in a standard TEM sys-

tem has 2 major limitations: (i) the energy spread of the electron source is not sharp

enough, and (ii) the electromagnetic lenses, especially the objective lens, induce a sub-

stantial amount of optical aberrations that blur the image. This thesis targets to remove

these 2 limitations by introducing new hardware into the TEM, including a monochro-

mator and an image corrector. In short, this thesis aims to push the resolution barrier in

cryo-EM by improving the optical performance of the TEM with new hardware.

101
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The experiment in this thesis includes 2 parts. The first part is a proof of principle.

A recombinant protein with minimized flexibility was used as test specimen and the

data collected with the new TEM prototype reconstructed a protein map at 1.25 Å. This

proves that the resolution barrier in cryo-EM can be removed by a TEM instrument

with improved optical performance, and atomic resolution of protein samples can be

reached. This cryo-EM data also, for the first time, showed a true representation of the

protein features when the map is free from geometrical distortion, an imaging artefact

from the existence of optical aberrations. The second part is an experiment for applica-

tion. 3 biochemically active proteins of higher complexity were used as test specimens,

and all of their 3D reconstructions reached ∼ 1.9 Å. This means that although a TEM

with improved optical performance in general yields better data that allows the pro-

teins to be resolved at a higher resolution compared to a standard TEM, the sample

behavior remains a dominant resolution-limiting factor. In addition, during the experi-

ment, it was revealed that extensive use of software computations to correct for optical

aberrations in the data led to suboptimal 3D reconstructions with distortions. These dis-

tortions were not visible by the current gold standard resolution metric - the FSC and

resulted in a undesirable resolution inflation. At last, a second upgrade was scheduled

to install an energy filter and a faster camera into the TEM prototype. This upgrade

targets to increase the contrast of the protein images and preserve the temporal reso-

lution of the data. The preliminary test data showed that the TEM prototype after the

second upgrade demonstrated a superior information transfer with low electron dose,

a condition that is required for imaging protein samples. Therefore, it is speculated that

the upgraded TEM prototype would push the resolution barrier further down to 1 Å.

Meanwhile, since this upgraded prototype is optimized to collect high quality data for

protein samples that used to display low contrast, protein samples of higher complexity

and flexibility would also be thereby greatly benefited.

The results presented in this thesis give a better understanding of the resolution-limiting

factors in cryo-EM, and provide a direction for pushing the resolution barriers. The

aberration-free data collected by the TEM prototype also shows that the current reso-

lution metric is imprecise. Rather than using correlation metrics to determine the reso-

lution of a protein reconstruction, more focus should be given to parameters that can

truly describe protein features and geometry. Overall, with the new TEM hardware pre-

sented, it is anticipated that in the future cryo-EM can achieve routine atomic resolution
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structures not only for the model protein, but also for proteins with higher complexity

and flexibility.
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