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ABSTRACT 

Iron is an enigmatic element.  While necessary for life, it also contributes to the 

generation of reactive oxygen species via the Fenton reaction. To mitigate this, cellular life has 

evolved the ferritin family of proteins, including the 24 subunit ferritins and bacterioferritins, and 

the 12 subunit DPSL ñmini-ferritinsò.  Each of these catalyze the controlled oxidation and 

sequestration of iron as a hydrous ferric oxyhydroxide within their hollow protein cores. While 

there is a wealth of structural information on the unmineralized ferritins, little is known about the 

structures of the biomineralized forms, and the mechanism of ferric oxyhydroxide nucleation and 

growth. Here we report structural and biochemical characterization of a DPS-Like protein from 

Pyrococcus furiosus.  This ñthioferritinò utilizes a bacterioferritin-like ferroxidase center, but 

adopts the mini-ferritin quaternary structure, and is thus thought to sit at the evolutionary 

boundary between mini- and maxi-ferritins. In addition to the unmineralized structure, we report 

the 1.91 ¡ structure of P. furiosus thioferritin as it nucleates iron-oxyhydroxide distal to the 

ferroxidase site.  In this very low iron form, a pair of conserved glutamate residues and 

unsaturated carbonyls at the 3-fold axis serve to template initial nucleation.  We also determine 

structures of higher iron forms with a biomineralized ferrihydrite core, where C-terminal 

residues 170-176 interact directly with the initial mineral surface, which then grows towards the 

particle center. These studies provide important new insight into biological mechanisms for the 

controlled nucleation, growth and storage of ferric oxyhydroxide in this thioferritin specifically, 

and the ferritin superfamily as a whole. 



1 

 

   

 

CHAPTER ONE 

INTRODUCTION AND RESEARCH OBJECTIVES 

Establishment of a Cryo-EM Facility for Structural Biology 

The structure-function relationship underpins nearly all modern understanding of biology. 

Fundamentally, the structure of a protein determines its ability to bind or interact with other 

molecules and perform its necessary biological or mechanical functions. Therefore, protein and 

other biological macromolecular structures have long been of interest to researchers. Historically, 

there have been a variety of ways to determine macromolecular structure, the most common of 

which is x-ray crystallography (1, 2). X-ray crystallography relies on using the regularity in the 

crystal as a means of signal amplification of the structural information of the macromolecule (3). 

This typically requires a well-behaved protein or macromolecular complex that will form crystals 

with dimensions of micron-size or larger. However, certain samples are not amenable to forming 

crystals, because they are too large, too dynamic, or not sufficiently soluble at the concentrations 

needed for crystal growth (3, 4). While transmission electron microscopy (TEM) is not a new 

technology, finding its roots in the early 20th century, recent hardware and software advances in 

the field of cryogenic transmission electron microscopy (cryo-EM) have made high-resolution 

determination of many structures that were otherwise not amenable to traditional structure 

techniques, at near atomic resolution (4-7). This is in large part due to the ability to prepare 

samples for analysis while hydrated in near-native conditions, and amplify signal from the 

macromolecule in silico, rather than relying on the crystallization process (4, 6, 8).  
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The fundamental method of structure determination by cryo-EM relies on imaging of a 

biological macromolecule, of sufficient size so as to have visible features in a micrograph (40 

kDa+), that has been deposited onto a small metal grid, coated with some kind of thin support, 

typically either carbon or gold, and plunge frozen into liquid ethane or propane, at temperatures 

lower than -154 ÁC. These low temperatures are required to generate vitreous, electronically 

transparent ice (3, 6). Areas of the frozen grid containing sample are then exposed to electrons 

accelerated to a range between 120 kV-300 kV (3). The sample scatters the electrons, and the 

lens system of the microscope then reforms the image, magnifies it, and records it on the 

detector. While TEM has been an observation technique for more than 100 years, microscopes 

have historically not been able to generate 3D structural information at meaningful resolution for 

a variety of reasons (5-7, 9). Most microscopes traditionally used thermionic sources ï LaB6 

crystals or tungsten filaments, that do not form a beam with sufficient spatial coherence to 

preserve high resolution details present in the sample. However, recent advances in field 

emission gun (FEG) technology have largely solved this problem (10). Additionally, TEMs have 

historically recorded the final magnified image onto film, or later, onto CCD cameras that are too 

slow to scale to large datasets and use photomultiplier layers that are not of sufficient detector 

quantum efficiency (DQE) to preserve high-resolution details, primarily due to coincidence loss. 

The emergence of metal oxide direct electron detectors with high DQE and capable of operating 

at extremely high frame rates has largely solved this problem (11, 12).  Finally, the ubiquity of 

high-performance computers and high density storage has enabled signal amplification in silico 

via data averaging techniques that were previously difficult to efficiently scale to the number of 

particles often needed to reach near-atomic resolutions (13-15). The two major techniques 
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enabled by cryo-EM are single particle analysis (SPA) and cryo-electron tomography (cryo-ET). 

These techniques have led the way to what is commonly referred to as a ñresolution revolutionò, 

with significantly more cryo-EM structures being published each year (16). 

Major Cryo-EM Methodologies 

Single Particle Averaging. Single particle analysis of suitable samples produces high 

resolution 3D maps of electron density in the sample by relying primarily on a combination of 

mass data collection, followed by 2D and 3D alignment and averaging techniques for signal 

amplification in silico (5, 7, 9, 17). In a typical SPA experiment, high concentrations of sample 

are frozen into vitreous, electronically transparent ice, in presumably random orientations. 

Thousands to tens of thousands of different images of the sample are collected, each containing 

hundreds to thousands of copies of the macromolecule, hopefully capturing 2D projection 

observations from all possible angles. The individual copies of the macromolecule are then 

extracted from the image, and typically referred to as particles. Particles are then sorted in 2D 

into groups of similar orientation, and the signal is averaged. Provided that the particles are 

grouped and aligned correctly, signal from the electrons scattering off the sample will add 

constructively, while non-system noise will add destructively. This allows the formation of high-

resolution images of each class of particles representing a unique projection angle (4, 7). An 

initial 3D map is then able to be constructed at low resolution, and particles are aligned to the 3D 

map by individually adjusting their rotation and translation relative to the initial low-resolution 

map, the sum of which is often referred to as a particle pose. The goal is ultimately to align the 

particles with as great of a spatial resolution as possible, to maximize constructive signal 

addition when averaging the signal across all particles. Once the pose is initially fit for each 
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particle, the particles can be re-averaged to generate a new, often higher-resolution map (7, 8, 

14). As the signal increases, if the alignments of the 2D particles are of sufficient accuracy, the 

resolution of the map typically increases, allowing more precise particle poses to be calculated, 

and further improvement to the map signal (14, 15). This process, known as 3D refinement, is 

typically iterative and will proceed until further resolution gains are attenuated. Ultimately, each 

individual extracted particle will be assigned the best possible pose that describes the angle of 

the extracted particle image relative to the final 3D map. Due to the fact that, even in ideal 

conditions, signal is proportional to the square root of the number of observations, this process 

can take hundreds-of-thousands to millions of particle images to produce a map of 3 ¡ resolution 

or greater, typically with diminishing returns as more particles are added to the reconstruction 

(18).  

Even with an amenable sample, other challenges remain in SPA. Electron dose is 

extremely destructive to biological samples, with dose greater than ~20 e-/¡2 beginning to 

destroy high spatial frequency features in the sample, and dose greater than ~80 e-/¡2 to 100 e-

/¡2 causing visible sublimation and destruction of the sample (19). Unfortunately, due to 

relatively weak interactions between high energy electrons and biological matter, a significant 

dose, typically greater than 40 e-/¡2 is needed to generate sufficient contrast in the images for 

them to be interpretable (20). One workaround for this problem is to first defocus the image to 

introduce phase contrast. While phase contrast can often provide enough contrast to pick 

particles, it introduces delocalization of the signal in the final image, with high frequency details 

being delocalized furthest. This delocalization, termed the point spread function (PSF) when 

describing its effects in real-space, or contrast transfer function (CTF) when describing its effects 
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in Fourier space, produces oscillations in the sign of the intensity of the signal as a function of 

spatial frequency. If left untreated, these oscillations will cause destructive interference at 

specific spatial frequencies as a function of defocus, which will result in signal canceling when 

particles are averaged. However, this oscillation can be modeled and corrected in silico provided 

sufficient signal is present in the micrograph (21). To perform this correction, specifically at high 

spatial frequencies that are necessary to generate high resolution reconstructions, the precise 

defocus of each particle must be known. Due to imperfect microscope focusing, uneven grid 

topology, or even sample positioning in the ice, defocus can vary significantly, and must be 

independently estimated by fitting the oscillations of the CTF to calculate the defocus (21). 

Typically defocus estimates are first calculated coarsely, either for a single micrograph, or 

section of a micrograph. These estimates are used to apply a CTF correction to the extracted 

particles, at least to a resolution capable of creating a consensus map. Once a map of sufficient 

resolution is generated, defocus estimates can be refined on a per-particle basis (14, 15). The 

nature of the CTF oscillations also results in nodes where signal in the micrograph is fully 

cancelled, rather than just inverted, at specific spatial frequencies. The precise spatial frequency 

of these nodes is also a function of the defocus, so for this reason, datasets will typically be 

collected over a wide range of defoci, to prevent any one spatial frequency from being totally 

devoid of information in the final averaged structure.  

Another problem with cryo-EM data, and also a result of the destructive nature of the 

electron source, is beam-induced-motion (BIM). BIM arises when the vitrified sample is exposed 

to the electron beam and begins to shift in the ice (22-24). BIM is typically most significant at 

the beginning of an exposure, where presumably the particles are still in a relatively high energy 
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state in the ice, due to the rapid nature of the plunge freezing process. However, this is 

exacerbated by the fact that at a dose rate of 15 e-/s, the first 1-2 seconds also contain nearly all 

the high-resolution information in the micrograph (19). To resolve this conundrum, rather than 

write out a single micrograph that is the sum of the entire ~50+ e-/¡2 exposure, a shorter 

micrograph termed a ñframeò can instead be written out every ~0.8 e-/pixel/s, provided that the 

detector is capable of recording at that framerate (22-24). The totality of frames from a single 

exposure is referred to as a ñmovieò, and a typical movie will be somewhere between 30 and 60 

frames. All the frames in a movie can then be aligned with respect to each other, to track the 

beam induced motion and to create a single frame, motion-corrected micrograph. Like with the 

CTF correction, those frame alignments are typically done in patches, as a local solution is often 

more accurate than a global one (15). Once a 3D map of sufficient quality is achieved, motion 

can sometimes be corrected on a per-particle basis resulting in a resolution improvement, albeit 

at significant computational cost (24).  

Once poses relative to the consensus 3D map have been calculated to high resolution, it is 

often possible to classify the individual particles based on their poses relative to each other ï a 

process referred to as 3D variability or 3D classification (15, 25). These techniques can capture 

both composition and conformational differences that may be present between particles, but are 

averaged in the reconstruction, and therefore not visible in the structure. These techniques are 

often used to demonstrate in 3D the variety of conformational states available to a 

macromolecule (26, 27). These tools are unparalleled in providing insights to macromolecular 

function on a structural level.  
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While the versatility and near-native conditions of cryo-EM are noteworthy, not all 

samples are amenable to SPA techniques. This can be for a variety of reasons: the sample may be 

non-uniform, rendering it impossible to average. One example of this could be a cell, or 

enveloped virus, that is not always of consistent dimensions or internal arrangement. 

Furthermore, some samples adopt a preferred orientation when frozen in the ice, meaning that all 

projections will be identical or near identical, resulting in anisotropy in the final 3D 

reconstruction. If this anisotropy is severe enough, it can limit the resolution and ultimately the 

useful structural information available in the final map. Finally, it is often desirable to view 

biological macromolecules in their true native state, such as a ribosome inside of a cell. In this 

case, 3D information of a single particle, not a population average, is desired, and so single 

particle averaging techniques are not optimal.  

Cryo-Electron Tomography. In some cases that are not amenable to SPA, cryo-electron 

tomography can still produce intermediate-to-high-resolution structural information. Rather than 

average together many observations of many different copies of the same sample in all different 

possible angles to generate 3D information, cryo-ET instead takes many observations of the 

same sample, but the sample is tilted between observations, resulting in discrete images of the 

sample from a wide range of angles, typically Ñ 60(28, 29). These images, collectively, are 

called a tilt series. Once recorded, the tilt series images are then aligned, typically to electron 

dense fiducial markers embedded in the sample, such as 5 nm ï 10 nm gold beads. This 

alignment accounts for microscope stage drift between different images in the tilt series, which is 

frequently on the order of at least several nanometers between images in the tilt series. Once the 

tilt series is aligned, the images are then reprojected in 3D to create a volume of the observed 
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area, called a tomogram (30). This tomogram describes in 3D the sample that was exposed to the 

beam, with density in the tomogram representing electron density in the sample. However, due to 

some technical limitations to cryo-ET, the achievable resolution of a single tomogram is usually 

in the low-nanometer range.  

The single greatest limitation is the cumulative electron dose the sample is exposed to. As 

previously described, electron exposure is destructive to biological samples. For SPA, this issue 

isnôt as limiting, because after a sample is imaged once, the microscope stage moves to a fresh 

area of sample that has not been previously exposed to electrons, and the signal is simply added 

later in silico. However, with cryo-ET, all of the final signal must come from the same 

observation, and each feature imaged 25 or more times per tilt series. This means the maximum 

dose must be divided by the number of tilt images, resulting in an average dose-per-image of ~1-

3 e-/¡2, and a final sample exposure often on the order of 80+ e-/¡2. The end result of this low 

dose per image is that contrast is extremely weak, and features are not very observable in any 

given tilt. Additionally, the high total dose on the sample means that, while early images still 

preserve high-resolution details, later images in the sequence are typically devoid of any high-

resolution information. The situation is exacerbated by the fact that the low dose typically 

requires samples to be imaged at greater defocus to provide sufficient contrast in any image. The 

high defocus in each image causes greater delocalization of signal, and the low dose makes 

modeling the CTF and correcting this more difficult, due to weaker signal in reciprocal space. 

Additionally, the tilt of the image introduces further defocus estimation problems, as, except for 

0Á tilt image, there will be a defocus gradient across the image. Finally, tilt angle is often not 

known precisely, as there may be pre-tilt in the stage and/or sample, so attempts to model the 
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defocus as a gradient may not be precise unless the tilt angle of each image can be accurately 

estimated (31).  

There are other limitations of cryo-ET as well. As the sample tilts to a high angle, the 

thickness of ice that the electron must transmit through increases, resulting in more electrons 

being scattered at high angles and never reaching the detector, manifesting as even lower contrast 

at high tilt angles. Finally, due to the limited range of motion of microscope stage tilt (typically 

Ñ60Á to Ñ70Á), the sample is not actually imaged from all possible sides. This results in a 

problem termed ñthe missing wedgeò, describing a wedge of 3D Fourier space that is devoid of 

information in the final tomogram. This is similar to the preferred orientation problem in SPA, 

although often not as dramatic, and can result in 3D density appearing disproportionate or 

stretched along a specific axis (32). As a result, the resolution of any unprocessed tomogram is 

typically on the order of low nanometer, and nowhere near atomic resolution.  

To mitigate some of these issues, several software techniques have been developed to 

extract repeating features that might exist inside of the 3D volume, and align and average them, 

increasing the signal, and recently allowing for near-atomic resolution of those features in some 

cases. This method is called ñsub-tomogram-averagingò (STA), and while it is similar to SPA, 

due to higher levels of noise inherent to tomography, as well as the fact that the data are already 

in 3D, it introduces its own unique challenges (31, 33, 34). Still, despite these limitations, recent 

developments in cryo-ET have seen some larger, more electron dense particles approaching near-

atomic resolution when averaged (35, 36).  
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Supporting Infrastructure 

While the microscope itself must be of necessary quality to be capable of generating high 

resolution data, the resolution dependence of averaging techniques is ultimately proportional to 

the square root of the number of observations. Practically, this means that reaching high-

resolution can require millions of direct observations, in the form of thousands of images. The 

quantity of data that is generated by the microscope makes the supporting computational 

infrastructure of near equivalent importance to that of the microscope hardware itself. 

Additionally, the interaction of several proprietary systems involved in generating the data means 

that the data flow and processing pipelines must be carefully considered at the conceptual stage 

of facility construction to ensure that the computational aspect does not bottleneck sample 

throughput.  

Detailed in this thesis are the operational considerations of setting up a cryo-EM facility, 

as well as details specific to the implementation of the current cryo-EM facility at Montana State 

University. Additionally, the two major techniques (SPA and cryo-ET) are discussed in detail. 

Standard operating procedures (SOPs) and methods are given for each major technique, 

including microscope operation, data collection, data processing, and interpretation. Specifically, 

SPA is exemplified in the form of a project analyzing biomineral nucleation and growth in 

Pyrococcus furiosis DPS-like protein. Additionally, generic cryo-ET data collection methods are 

supplied.   
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Single Particle Analysis of Biomineralization in Pyrococcus 

furiosis Dps-Like Protein 

Iron and oxygen are both essential elements for life, yet together can form a lethal 

combination. The reaction of Fe(II) and molecular oxygen creates a dangerous hydroxyl radical 

(OHÅ), capable of causing significant damage to important cellular systems, such as Fe-S clusters 

(37, 38). As a result, cells have developed biochemical processes to mitigate this danger. Chief 

among them is the active sequestration of free Fe(II), which is also often coupled with the 

controlled oxidation of Fe(II) to the more chemically inert Fe(III). Proteins for such iron 

oxidation and sequestration represented in all domains of life by the ferritin family (39-44). The 

ferritin family consists of two major classes, the maxi-ferritins and mini-ferritins. The maxi-

ferritins, which include the eponymously named ferritin, and bacterioferritin, are comprised of a 

core four-helix bundle that assembles into an octahedral 24-mer with a hollow core. In contrast, 

the mini-ferritins, comprised primarily of the ñDNA protection in starved cellsò (Dps) proteins 

utilize a similar four-helix bundle, but instead assemble into a dodecamer with tetrahedral 

quaternary arrangement, and exhibit an exterior diameter of 7-9 nm, with a smaller hollow core. 

All of these proteins operate in a similar manner ï they both typically incorporate one copy of a 

ferroxidase center (FOC) per four-helix bundle that can use the high reduction potential of Fe(II) 

to transfer electrons to a powerful oxidant, such as O2 or H2O2, while simultaneously oxidizing 

two atoms the dangerous Fe(II) to the more inert Fe(III) form. However, further differences 

between the maxi- and mini-ferritins abound when examining the arrangement of the FOC. In 

maxi-ferritins, the FOC is located in the center of the four-helix bundle, while in Dps, the FOC is 

present at the 2-fold interface between four-helix bundles. This FOC location as well as protein 

quaternary arrangement were thought to clearly define the boundary between maxi- and mini-
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ferritins until the discovery of Dps-like (DPSL) protein in Saccharolobus solfataricus (45). 

While initially predicted from sequence to be a mini-ferritin, structural studies uncovered that, 

while similar to Dps in its dodecameric tetrahedral quaternary arrangement, DPSLôs FOC is 

located in the center of its four-helix bundle, as is exhibited in maxi-ferritins (46). This places 

DPSL at the interesting evolutionary boundary between the maxi- and mini-ferritins, and it is 

easy to imagine how either class could have evolved from the other by transitioning through a 

DPSL intermediate state (46, 47).  

While the ferritin family proteins have had their major structural features and ferroxidase 

activity thoroughly characterized, what is less well understood is the ultimate fate of the freshly 

generated Fe(III). While all the ferritin-family members have been shown to mineralize the 

Fe(III) product in their hollow cores, specifically as ferrihydrite in both ferritin and Dps, the 

precise structural mechanisms that catalyze nucleation and growth of this biomineral remain 

unclear (48-50). While generation of mineral-loaded proteins is possible, there are several 

complications with existing analysis techniques. Historically, most structural studies of ferritin 

have been performed with x-ray crystallography, this technique has not been amenable to 

structures of full particles, both because of the necessity for high concentrations of loaded 

particles, as well as heterogeneity in the loading particle that would not be visible in a population 

average. Additionally, while some cryo-EM studies of loaded ferritins have been attempted, these 

studies have encountered issues with the intense electron density and associated amplitude 

contrast contributed by the mineral core (44, 51). Existing alignment algorithms were not written 

while considering such intense amplitude contrast, and as such the mineral core tends to 

dominate alignments at low resolution, preventing proper alignment of the higher resolution 
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details of the surrounding protein. This results in calculated particle poses that remain trapped in 

low-resolution minima, resulting in an overall low-resolution structure, providing minimal 

biological insight.  

Research Objectives 

Cryo-EM is a nascent field of structural biology, and while accessibility is increasing, the 

high costs and complex nature of microscope operation and data analysis requires an established 

knowledge base to make efficient use of the technique. Additionally, most existing techniques 

and methodologies are not as mature as those in other structural fields. A successful project will 

need to integrate complex theoretical and practical knowledge applied in a dynamic manner 

towards the biological questions being asked. While the major projects presented in this thesis 

are not related biologically, they are united by the common theme of being initial applications of 

the two major cryo-EM methodologies at the nascent Montana State University Cryo-EM 

Facility. The research presented here attempts to lay the groundwork for broad application of 

both major cryo-EM methodologies, as well provide a starting point for a sustainable cryo-EM 

facility that can carry forward and grow the cryo-EM institutional knowledge at this university.  

Research Questions 

 The 1st research question addresses how to reliably collect high-quality EM data for 

biological analysis. Considerations include how to ensure the quality of the data are sufficient for 

high resolution analysis, how to store and efficiently analyze the huge quantities of data, and how 

to ensure all necessary support systems are properly configured and accessible.  



14 

 

   

 

 The 2nd research question: How do ferritin-family proteins nucleate and grow iron-oxide 

minerals in their core? To answer this question, we employed advanced single particle analysis 

techniques that provided high resolution structural insight into a Dps-like protein from P. 

furiosis, in its apo form, mineral-nucleated form, and fully loaded form. These structural details 

elucidate the precise protein-mineral interactions that enable the nucleation and growth of the 

iron-oxide mineral core in Dps-like proteins, demonstrating that nucleation occurs via precise 

interaction with main-chain carbonyl moieties and glutamate side chains, resulting in the growth 

of a ferrihydrite-like mineral in the core.  
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CHAPTER TWO 

CRYO-EM CORE FACILITY 

Operational Infrastructure 

In March of 2020, Montana State University took delivery of a Talos Arctica G2 200 kV 

transmission electron microscope and Gatan K3 direct electron detector camera. The 12-grid 

autoloader and advanced computer scripting interface of the microscope, combined with the 

extremely high frame rate of the detector, results in a system that is capable of rapidly obtaining 

near-atomic resolution 3D structures of biological macromolecules and macromolecular 

complexes. Additionally, the precision of stage movement and sample holder with Ŭ-tilt 

capabilities allow the microscope to acquire both tomographic and micro electron diffraction 

(microED) data. However, due to the highly sensitive nature of the electromagnetic lenses 

present in advanced high resolution TEM systems, a number of environmental controls in the 

microscopy facility are required to attain the highest possible resolution images. Additionally, the 

pairing of the Talos Arctica microscope, made by Thermo Scientific, and K3 camera, made by 

Gatan, prevents the usage of Thermo Scientificôs óEPUô data collection software, and thus 

necessitates a 3rd party microscope operation software to be installed and configured. Finally, the 

Gatan K3 detector is 96 megapixels, theoretically capable of recording 1500 frames-per-second 

(FPS), with an 8-bit pixel depth, resulting in a max theoretical output of 144 gigabytes (GB) per 

second of data generation. While practical usage results in an attenuated rate of data collection, 

the typical ~500 GB/hour of data generated still presents significant burden to conventional 

computational resources. Care must be given to the computational infrastructure that must be in 
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place to both transfer and store the large quantities of data generated by the microscope, as a 

bottleneck at any point can severely reduce the cost efficiency of the entire microscope system.  

Environmental Controls 

The electromagnetic lenses present in high-resolution TEM systems are susceptible to a 

number of interferences, such as electromagnetic, acoustic, and vibrational interference. 

Additionally, the conductivity of TEM lenses can change as a function of temperature. 

Electromagnetic lenses in TEMs are typically made of carefully arranged electromagnetic coils 

that exert a highly tuned and calibrated magnetic field on passing electrons.  These 

electromagnetic coils are kept at constant temperatures by a closed-loop chilled liquid cooling 

system. However, this cooling system may not accommodate large temperature increases in 

small amounts of time, which can allow lenses to heat up, leading to increased resistivity of the 

electromagnetic coils, thus altering the electromagnetic fields emitted by the lenses. This will 

frequently manifest in a misaligned or unstable electron beam. To mitigate this, the maximum 

temperature change in the microscope room over any 24-hour period should be Ñ 1 ÁF. 

Additionally, chiller flow should be routinely checked, and the loop filter should be replaced 

monthly.  

In addition to temperature, acoustic, vibrational and electromagnetic interference may 

result in degradation of data quality if left unchecked. Acoustic/vibrational interference typically 

manifests in the form of beam drift or jitter, and is clearly apparent in the Fourier transforms of 

the micrographs. The solution is simple ï remove any loud or vibrating objects from the 

microscope room. For this reason, the microscope chiller, which runs a loud compressor, has 

been placed in an adjacent mechanical room. Electromagnetic interference can be more difficult 
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to assess and mitigate. The microscope room has been equipped with a Spicer SC24 Field 

Cancellation System, which detects electromagnetic interference across the microscope column, 

and applies an offset to the room to cancel out any detected interference. This system should be 

left operational when the microscope is collecting data, to achieve the greatest possible data 

quality.  

Microscope Control Software 

While the Talos Arctica microscope is manufactured by Thermo Fisher Scientific Inc., the 

primary K3 camera module is manufactured by Gatan, Inc. As a result, the default single particle 

data collection software installed on the microscope, ñEPUò is unable to properly communicate 

with the K3 camera.  However, there are several free software packages capable of being 

installed on the microscope or camera PC that can communicate with both, and effectively drive 

the system for high throughput data collection for both single particle and tomography. Packages 

available include SerialEM and SmartScope (52, 53).   

SerialEM. SerialEM is free, open-source microscope control software that supports 

nearly all existing TEM and camera combinations (52). The main SerialEM user interface is 

installed on the K3 camera computer, but SerialEM also requires a server running on the 

microscope computer that interfaces with the advanced scripting package for the microscope. It 

is capable of fully driving the Arctica and the K3, with features such as loading and unloading 

grids, managing vacuum, changing apertures, controlling the electron beam, and performing 

many different alignments and calibrations. With SerialEM users can create grid maps, select 

grid squares for data collections, find holes in grid squares, collect and view both micrographs 

and tomograms, and perform basic post-processing such as frame alignment and CTF fitting to 
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estimate data quality. Additionally, many of these functions can be automated to varying degrees 

to allow for bulk data collection of both micrographs and tomograms.  

 Because of the many calibrations, settings, and configuration options available to 

SerialEM, many of which are specific to specific samples or data collection techniques, 

managing the SerialEM configuration can become quite time intensive. To mitigate this, users 

can save their own settings in separate files, and load them as needed. A graphical tool to easily 

manage the loading and saving of these configuration files, called Zuul, has been installed. 

SerialEM is highly extensible, supporting both its own internal scripting language, as well as a 

Python library that translates most SerialEM commands into Python functions. This Python 

library can be called internally by running Python code directly in SerialEM script files, or, 

additionally, it can be run externally by having SerialEM listen for Python commands on port 

48000. When placed in external mode, direct user input to SerialEM is disabled (54).  

 SmartScope. SmartScope is a single-particle grid screening and data collection tool with 

a heavy emphasis on automation and ease of use1. It is written primarily in Python, using Django 

and is installed on an auxiliary computer that must be capable of connecting to K3 computer. It 

runs as an external extension to SerialEM, and uses the SerialEM Python library for interfacing 

with the microscope and camera. The user interface can be accessed by any web browser on the 

same network, on port 48000. SmartScope is capable of screening grids for single particle data 

collection, as well as setting up data collection in a highly autonomous manner. It relies on a 

combination of simple algorithms and advanced computer vision for this automation.  

To use SmartScope, users can tell SmartScope how many grids are loaded, what position 

they are in, and how many grid squares and holes-per-square to collect. SmartScope uses the 
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SerialEM Python library to queue the grids for screening and to collect grid maps. Once a grid 

map is obtained, integration with the Ptolemy U-net image recognition pipeline allows it to 

detect and classify grid squares as good, cracked, small, or out of stage movement range (55). 

Once grid squares have been identified and selected with Ptolemy, SmartScope will 

automatically create grid square maps, and in the process use traditional cross-correlation to re-

center the grid squares, attenuating issues with large stage movements that typically manifest as a 

gradient of inaccurate stage movement from the center of the grid to the edges, which can lead to 

grid square maps that clip the edge of the camera field-of-view (FoV).  

Once a grid square map has been created, SmartScope runs its own eucentric height 

routine that is faster than the default eucentric height routine in SerialEM, identifies and 

categorizes holes on the square based on the intensity of each hole, which is correlated to ice 

thickness. Then it organizes the holes into optimal groupings for beam-image-shift (BIS) 

collection and collects them as instructed. To collect data, SmartScope first takes a medium 

magnification image at the center of each BIS group, and then uses either traditional cross-

correlation with a hole template image or identifies the multishot pattern with Ptolemy to align 

the microscope to the center of that hole for collection of the BIS group. Using Ptolemy for hole 

centering frequently results in better hole centering for challenging samples that prefer thicker 

ice, or add so much electron density to the images, such as ribosomes, that it disrupts cross-

correlation/template matching algorithms. 

In addition to collecting data, SmartScope also asynchronously aligns micrographs, 

calculates CTF fits, and presents data for display in the web UI. A user can select a screening 

session and see all the grids in that session. They can select a grid, and see the grid map, with all 
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the identified squares. They can then select a square and see all the holes. The users can instruct 

SmartScope to color-code the holes by intensity, BIS group, or if the holes have been collected 

and processed, they can also be color-coded by CTF fit as a rough indication of resolution and 

data quality.  

SmartScope also makes it very easy to make modifications to data collection in real-time. 

Users can manually add grid squares or even individual holes to a data collection. Additionally, 

they may alter data collection parameters such as BIS distance and stage tilt on-the-fly, while 

data collection is underway. Users can select from pre-set data collection protocols, or write their 

own, for granular control of every step of the data collection process. SmartScope is also 

extensible. Users can install their own image recognition models, as well as processing pipelines, 

and integrate them natively into SmartScope.  

SmartScope is capable of extremely fast grid screening, as well as data collection. It can 

comprehensively screen 12 grids in less than a single work day, and can reach speeds of up to 

500+ images/hour when in data collection mode. In addition to this, the automation and 

computer vision mean that very little staff time is necessary, when compared to traditional data 

collection methods such as SerialEM.  

Computational Infrastructure 

Due to user demand and the expensive nature of high resolution cryo-capable TEMs, both 

in up-front cost and service contracts, optimizing a microscopy facility to maximize throughput 

is essential for the long-term health and sustainability of the facility. While great effort has gone 

into both mechanical automation and reliability of the microscope, as well as data collection 

protocols and scripts, similar thought and effort must be given to the underlying computational 
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infrastructure, or data collection will be bottlenecked by the inability to move, store, process, and 

maintain the resultant data.  

At the forefront of this problem is network connectivity. There are a variety of different 

computers involved in the microscopy facility, many of which run pieces of equipment. Some of 

these computers must be kept obfuscated to external networks for security considerations, or off 

the network entirely. Others must be connected to external networks in an efficient manner to 

facilitate maximum data transfer speeds, or real-time remote access. In addition to network 

construction, high framerate direct electron detectors such as the Gatan K3 generate massive 

amounts of data. A single, 12,000 micrograph, 24 hour data collection, even with state of the art 

image compression, will generate approximately 5 TB of initial data. Subsequent processing will 

often grow this dataset to the size of 15+ TB. In addition to just the sheer volume of data, it often 

needs to be accessible to high performance compute nodes in near real time, to allow pre-

processing to inform data collection about the quality of data coming from the microscope. After 

data collection, data still need to be accessible to high performance computers, as full processing 

can take months or even years, with certain datasets. Furthermore, because federal granting 

agencies require data backup and archival for many projects, data needs to be available to be 

backed up. However, traditional methods of backup such as external USB thumb drives or hard 

drives may not be efficient, due to the large size of cryo-EM datasets, and slow USB transfer 

speeds. Therefore, a faster, more robust backup method geared toward larger datasets is needed.  

All of these points have been considered in the construction of the computational 

infrastructure for the cryo-EM facility at MSU. Data may be written and moved to scalable 

storage at high speeds, where it is also made available for processing by central, scalable 
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compute resources, and easy transfer to external backup solutions. Finally, all of this is done in a 

secure manner that preserves user access controls and permissions.  

Networking & Connectivity 

Network connectivity is an important consideration for both the performance and security 

of a cryo-EM facility. The crux of the problem is that certain computers and instruments must be 

able to communicate with each other over the network, while also moving data on and off the 

network, all in a secure manner that protects user permissions and minimizes possible attack 

vectors, but without sacrificing performance. At the core of the microscope facility network is 

the microscope network itself. This is an external network, not connected directly to the MSU 

network. It connects the microscope PC to the microscope, as well as all the individual 

microscope parts that need to be controlled by the microscope PC. This includes items such as 

apertures and aperture controls, the stage, lens control boards, liquid nitrogen monitoring 

controllers, the flu screen, and the integrated Ceta-M camera and camera controller.  

In addition to the microscope and microscope network, the facility also houses the Gatan 

K3 and associated computer (megaera), a control and documentation server (hydra), three 

network-connected temperature sensors, and a remote PC that enables Thermo Fisher engineers 

to remotely access the microscope PC. Of these, the remote PC, hydra, and megaera must all be 

able to interface directly with the microscope PC. Additionally, the remote pc, as well as hydra, 

must be accessible from the MSU network, while megaera and the temperature monitors must 

not have a direct connection to the MSU network, but instead proxy through hydra, which serves 

as the major access point to the facility from both on and off campus. Finally, megaera must be 

able to transfer data collected with the K3 through hydra to the campus centralized scalable 
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storage (blackmore), which must then be accessible to the campus centralized compute (tempest) 

as well as off-campus backup solutions.  

 

 

Figure 1. Network diagram describing data-flow in the MSU Cryo-EM Facility. Data are 

recorded by the K3 camera and transferred by fiber optics to the camera controller (Megaera). 

Once there, data must pass through a proxy (hydra) to be accessible on the MSU network and via 

Globus. Globus can automatically move data to central storage such as Blackmore, or any other 

storage system, where it can then be operated on. 

Active directory (AD) on facility systems is primarily using the System Security Services 

Daemon (SSSD) and Pluggable Authentication Modules (PAM) management. The system is 

somewhat complex but an attempt to summarize it will be made. The University uses active 

directory for managing users. There are several ways to interface with active directory, including 

both SMB/winbind and LDAP. Active directory is used for mapping Unix user IDs to MSU 

NetIDs. Additionally, the university is using Kerberos for authentication of AD users. Kerberos is 

in addition to AD. Kerberos functions as ñticketing" software, so that the user doesn't need to 

actually provide NetID and password to a service or system (such as logging onto a computer). 

Instead, the AD system checks your NetID against a cache of directory accounts, and then checks 
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to see if it has any tickets on file for your account. If it does, authorization is granted. If not, it 

requests a new ticket through Kerberos. The purpose of Kerberos is to abstract authentication to 

a more secure entity than the individual service that may be using and collecting credentials. 

Rather than re-implement an AD/Kerberos system for every single service on a computer, Unix 

systems such as Linux and BSD have the eponymously named software, PAM (Pluggable 

Authentication Modules). PAM modules are software built on an existing backend compatible 

with an AD/Kerberos solution. These modules essentially bridge the user-facing programs with a 

secure AD authentication system, meaning that any user can use any software with their AD 

credentials. On Linux systems, System Security Services Daemon (SSSD) is the software that is 

responsible for centralized management of all these services.   

When logging into a system running AD, either SSHD (the SSH daemon) or the graphical 

window manager listens for requests to log in. If a request is received, the login manager 

forwards that request to the PAM system. PAM looks up the AD backend, in this case, SSSD. 

SSSD handles authentication by looking up the AD user in the AD system it is registered with, 

and requesting a Kerberos ticket for them. SSSD forwards that ticket and any domain-wide or 

system-wide settings to PAM. These settings include things like where to copy the home folder 

from if none exists, what shell to default to, and other settings. PAM then checks for "optional" 

authentication modules, which, in the case of the stereo workstations, are SMB mounts of 

Blackmore storage using the same Kerberos ticket. PAM uses Kerberos ticket and a module 

called ñpam_mountò to log into and mount network drives on those systems as the user is 

logging into the workstations. PAM then forwards the authorization status to sshd, which 

approves the login and places the user in their home folder with their network drives mounted. 
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openSUSE Linux ships with management software called YaST. This details the process 

for enrolling a computer to the domain using YaST. First, install the package ñyast2-auth-clientò. 

Run YaST as an administrator, and go to ñNetwork Services --> User Logonò. Select "Change 

Settings". Check off "Allow Domain User Logon" and "Create Home Directory" and then at the 

bottom, select "Add Domain". Domain name should be set to Domain name: msu.montana.edu. 

Which service provides identity data should be set to ñMicrosoft Active Directoryò. Which 

service handles user auth should be ñgeneric Kerberos serviceò. Ensure that ñEnable domainò is 

checked and click ñOK.ò. A new dialog box will pop up ï enter the Kerberos realm as 

ñmsu.montana.eduò and the AD hostname as the hostname of the computer being enrolled, 

ending in ñ.msu.montana.eduò. The AD server hostname should be ñobsidian.msu.montana.eduò, 

and the credential cache should be set to ñiolite.msu.montana.eduò. At this point, additional 

packages may be downloaded.  

A dialog box will appear, called ñActive Directory Enrollmentò. For the username, enter 

a NetID ending in @msu.montana.edu that is authorized to enroll new computers on the domain. 

Enter the userôs password and disable ñUpdate ADôs DNS records as wellò. If the enrollment is 

successful, confirmation will appear.  

Finally, once enrolled, attempted login will fail as no default shell is configured. To 

configure a default shell, navigate to ñExtended Optionsò for the domain. Search through 

extended options for ñdefault_shellò and set ñdefault_shellò to ñ/bin/bashò. SSSD may need to be 

restarted before changes go into effect ï an admin user can do this with the ñsudo systemctl 

restart sssdò command. The SSSD configuration file can be found in ñ/etc/sssd/sssd.confò 

(Appendix A). 
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Data Storage & Management 

Data collected using SerialEM will be located in the ñmoviesò folder on the ñX:\ò drive 

on the Gatan computer, selected by the user. When using SmartScope, data will be saved to the 

ñX:\SmartScope\movies\<session_name>\<grid_name>ò directory. It should be noted that data 

saved here are not secure. Firstly, this data is not redundant. If a disk fails, it will be lost forever. 

Additionally, this is high-speed storage needed by the camera, and so the next user of the 

microscope may need space and data may be removed to make space, without warning. 

Therefore it is advisable to remove data from the ñX:\ò drive as quickly as possible. Data can be 

easily moved off the ñX:\ò drive in near-real time using the Globus software.  

Log in to Globus using an institutional login, such as a .edu email account or MSU 

NetID. The facility staff can create a shared folder for users on the ñX:\ò drive using their MSU 

NetID so that they can see their data in Globusôs web user interface. Data can be moved to an 

arbitrary computer by installing ñGlobus Connect Personalò on that computer.  Run Globus 

Connect Personal on that account, and login. Then, in a web browser, navigate to 

https://www.globus.org and login. In the menu bar on the left, select "File Manager". "Shared 

With You" should become visible. On this screen, the user should see your shared directory on 

the microscope computer. 

https://www.globus.org/


27 

 

   

 

 

Figure 2. An example of shared directories in the Globus web user interface. The Cryo-EM 

Facility shares are managed through the Globus UID of msucryoem and can be shared with any 

MSU NetID.  

 Select that share, and then navigate to the file manager. In the file manager, select the 

files that are to be moved off of the microscope computer. Entire directories can also be selected. 

On the right hand side, select ñSearchò and navigate to ñMy Collectionsò. Select the computer 

that Globus Connect Personal is installed on and press the ñStartò button. This will initiate the 

transfer, and the web browser can be safely closed. When moving data to Blackmore, Globus 

Connect Personal is not needed, as Blackmore has a dedicated Globus data-transfer node.  

 To move data in real-time, use the Globus Timers feature. This is useful when trying to 

use live processing tools such as cryoSPARC Live, or when the data transfer will take quite some 

time. To use Globus Timers, simply setup everything as listed above, except do not click start. 

Instead, select "Transfer and Timer Options" next to ñStartò.  

 

 

Figure 3. Globus real-time synchronization options button. 
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 There are a number of options. Select the ñSyncò option, and switch from ñChecksumsò 

to ñFile Size is Differentò as calculating a checksum for every file will slow down the transfer 

considerably. Additionally, to prevent the transfer from hanging, select ñSkip files on source with 

errorsò. Finally, at the bottom, select the timing that is desired. For single particle, to an on-

campus connection, every 15 minutes works well. Also select an end date, or total number of 

transfers. Start the transfer with the normal ñStartò button, and a recurring transfer should begin.  

 

 

Figure 4. Globus timer options. 

To automatically mount network drives upon user login, any login service, such as a GUI 

login screen such as lightdm or SDDM, or in the case of terminal login, such as SSH, must be 

configured to use the ñpam_mountò module upon user login. In addition, ñpam_mountò itself 

needs specific configuration so that it knows the address of the share, and where to automatically 

mount it.  PAM is configured using the software ñpam-configò. There are two types of PAM 

modules, global modules which are inserted into ñetc/pam.d/common--*ò files which are then 

included by single service files. A single service file might be a user-facing service such as 

SSHD or SDDM or some other login service. Direct changes to those files will be overwritten by 

software updates, or by running the ñpam-configò software, therefore it is recommended to make 
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configuration changes through the software, and not by hand. There are also single-service 

modules, which are options that can only be added directly to a single service. Rather than 

making a change globally, they must be made for whichever individual service is using PAM. 

This includes the ñ--mountò option, which is used to mount SMB shares. The configuration file 

for ñpam_mountò is found in ñ/etc/security/pam_mount.config.xmlò (Appendix A). 

Data Backups 

Montana State University is currently approved for usage of the ñOU & Regional 

Research Storeò (OURRstore) large scale tape archive storage facility. Space can be purchased 

through Research Cyberinfrastructure (RCI), and once adequately prepared, transferred via 

Globus for long-term archival. An example of this process is available in (Appendix A) (56).  

CryoSPARC on Tempest 

Tempest is a high-performance compute cluster operated by RCI, and contains a single, managed 

installation of CryoSPARC that can be used by any member of Tempest with their allocated 

Tempest resources (13). CryoSPARC on Tempest is feature complete, containing the latest, or 

near-latest release of CryoSPARC, 3D-Flex integration, Topaz and crYOLO integration (52). 

Using CryoSPARC. Because of permissions issues regarding the way CryoSPARC 

executes jobs, a service account run by RCI and the Cryo-EM Facility must be granted access to 

every group's data on Blackmore, and ability to run jobs on Tempest. For a new group that has 

never used CryoSPARC on Tempest, have the PI contact cryo-em_facility@montana.edu to have 

appropriate permissions arranged. Once access has been arranged, accounts must be registered 

on the CryoSPARC web server. To register accounts, contact cryo-em_facility@montana.edu 

with a list of first and last names, and associated emails for users you would like to have access 
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to CryoSPARC. That will initiate the registration procedure. Each user will be given a 4-

character token. Navigate to the CryoSPARC homepage (REDACTED - Contact cryo-

em_facility@montana.edu for address) and select "New Account". Fill out the form with the 

email that you submitted, and the token receive, and select "Create Accountò. Once the account 

is created, the user can login and begin to submit jobs. 

 To submit CryoSPARC jobs to Tempest, the user can use the normal GUI to queue them 

like normal. Each user will be given access to their groupôs associated "Lanes", one that submits 

jobs to the Tempest GPU Priority partition, using their group's reserved resources, and one that 

submits it to the Tempest GPU Unsafe partition, which can take advantage of unused capacity on 

the cluster, but with the risk that the job may be canceled to make room for other priority users 

should the need arise. There is also a ñLiveò partition that is available for those currently using 

the Arctica. 

 

 

Figure 5. Lane selection in the CryoSPARC web user interface. Each research group will have 

separate lanes created for all of their Tempest partitions, and each groupôs lane will only be 

visible to members of that group.  

mailto:cryo-em_facility@montana.edu
mailto:cryo-em_facility@montana.edu
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Occasionally, a user may need to alter the time that the job is allotted, or the amount of 

system memory that is available. To change parameters, select "Cluster submission script 

variables:" 

 

 

Figure 6. Custom cluster submission script variables. Note that ñtime_hr_min_secò describes the 

format of the time entry. Command displays explicit submission commands to wrap the 

CryoSPARC job in ï this can be useful for extending CryoSPARC functionality or wrapping the 

job in standard Unix software such as ñtimeò. The ram_gb_multiplier option is how much to 

multiply CryoSPARCôs default memory allocation by ï this is necessary as CryoSPARC 

chronically under-requests memory from the cluster for certain job types. The ñgresò option 

allows selection of a ñgeneric resourceò, on Tempest this describes the type of GPU. It defaults 

to A40, but A100 and H100 GPUs are also available depending on the requested lane.  

The variable ñtime_hr_min_secò is in the format hr:min:sec and defaults to 72:00:00. The 

variable ram_gb_multiplier will multiply the amount of RAM that CryoSPARC reserves for a job 

by that value. For instance, if CryoSPARC reserves 40GB by default, setting this value to 2 will 

reserve 80GB. Most nodes on ñgpupriorityò have a maximum of 250 GB of memory that must be 

shared between two GPUs, although two nodes have 512 GB of memory. The Tempest 
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scheduling software (SLURM) will automatically determine which nodes to use based on the 

resources requested.   

 Topaz is available for use in CryoSPARC, as well as throughout Tempest. To select which 

version of Topaz to run, when setting up the Topaz job, press the directory icon below "Path to 

Topaz executable". By default, this should place the file picker back in $HOME, but if it doesn't, 

type $HOME into the path and press Enter Once again, navigate by double-clicking into the 

topaz directory, select the desired version, ending in .sh. 

Managing CryoSPARC. CryoSPARC is running on a virtual machine managed by RCI. 

The user account running CryoSPARC is the active directory service account ñcryosparcò. This 

user's home folder contains the following directories: 

/home/cryosparc 

ƊƄƄ cryosparc_cluster 

ƊƄƄ cryosparc_master 

ƊƄƄ cryosparc_worker 

ƊƄƄ slurm-examples -> /mnt/shared/slurm-examples/ 

ƊƄƄ test_project 

ƈƄƄ topaz 

CryoSPARC Master is installed under cryosparc_master. The configuration file for the 

Master process is detailed in Appendix A. The license key is registered to cryo-

em_facility@montana.edu. CryoSPARC Worker is installed under the cryosparc_worker 

directory. The configuration file for the worker is detailed in Appendix A. The worker process is 

not installed in a traditional manner, due to the cluster setup. It is installed not as the 
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"Standalone", where the master and worker are the same install, but as the separate installation. 

However, no SSH access between the master and worker is needed because of the cluster 

configuration. One potential flaw in this setup is that the CUDA path is hardcoded into the 

configuration. This is unavoidable at the moment, but if CUDA functionality breaks, one thing to 

check is if that path still works. The path can be found in the CryoSPARC master config,sh file.  

cryoSPARC can be managed via systemd. Currently, a systemd service file is installed at 

ñ/home/cryosparc/.config/systemd/user/cryosparc-supervisor.serviceò. It is detailed in Appendix. 

It is important to note that this is a user process, not a system process. Since systemd sometimes 

likes to kill user processes after logout, ñloginctl enable-lingerò was enabled for the cryosparc 

user. This sometimes still fails for unknown reasons, so if the cryoSPARC processes keep dying, 

check if systemd is killing them after logout via the aforementioned loginctl command. Do not 

use ñcryosparcm startò and ñcryosparcm stopò to manage CryoSPARC. Instead, use systemctl 

(example: systemctl --user start cryosparc-supervisor.service) as the ócryosparcô user on the VM 

CryoSPARC can be updated via the ñcryosparcm programò. To do this, first shut down 

the systemd service by running ñsystemctl --user stop cryosparc-supervisor". Then, update 

CryoSPARC by running ñcryosparcm updateò. This procedure should update CryoSPARC to the 

latest version. Sometimes the ñcryosparcm updateò command takes a very long time to 

download. In this case, run ñcryosparcm update --download-onlyò while CryoSPARC is running, 

and stop CryoSPARC after the download is complete, and run ñcryosparcm update --skip-

downloadò to perform the actual installation.  

 CryoSPARC considers patches different than updates. Patches may solve critical bugs. To 

check for patches, run ñcryosparcm patch ïcheck". If a patch is found, download the patch 



34 

 

   

 

manually with ñcryosparcm patch ïdownload-only". Copy the downloaded 

ñcryosparc_worker_patch.tar.gzò to ñ/home/cryosparc/cryosparc_workerò. Go to that directory 

and run ñbin/cryosparcw patchò. Then, reload the interface and refresh the job types by running 

ñcryosparcm cli "reload()"ò and ñcryosparcm cli "refresh_job_types()"ò. 

cryoSPARC uses MongoDB to manage users, projects, jobs, etc. This database is 

currently kept in the ñ/mnt/cryosparc_dbò folder and is on a separate drive than the virtual 

machine (VM). Backups are enabled using systemd timers and the existing ñcryosparcm backupò 

functionality, and the systemd timer files can be found in Appendix A. These services are 

installed under ñ/home/cryosparc/.config/systemd/userò and have been enabled and must be 

manually enabled every time the VM is restarted via the ósystemctl enable <filename> command 

CryoSPARC can integrate with SLURM. To add a SLURM cluster as a lane, two files are 

needed. A ñcluster_info.jsonò file containing the cluster details and configuration, and a 

ñcluster_script.shò file to use as the template for a job submission script (Appendix A). These 

two files must be in the same directory, and to add them to CryoSPARC as a new lane, run 

ñcryosparcm cluster connectò in that directory. A different directory is needed for each lane. 

Currently, the directory ñ/home/cryosparc/cryosparc_cluster/ò contains directories by each 

Tempest group. Inside that directory are further directories, by lane name.  

To add a group, simply duplicate one of the existing folders, and make changes to the 

files. Then run ñcryosparcm cluster connectò in each new folder. Example configuration files are 

available in AppendixA. Things to modify when adding new lanes are the "name" which is what 

the lane will be named in CryoSPARC. Current syntax is ñgroupname_tempestpartitionò. 

Additionally, "cache_path" should point to the group's group directory on Tempest. The 
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cryosparc user will need to have read and write permissions to this directory. Finally, 

"cache_reserve_mb" is how much free space CryoSPARC will always leave empty. This can be 

customized as required. 

When adding new lanes, ñ--accountò should be changed to the Tempest account of the 

group, and ñ--partitionò may need to be changed to be the correct partition that this lane will 

submit jobs to. Additionally, there may be some optimization that can be performed here. For 

instance, should Tempest ever acquire > 2 GPU systems, the script at the bottom may need the 

devidx increased to 0 3 or whatever the number of GPUs is. However, it's currently untested if 

that script is even required, or if SLURM will handle everything itself just fine. Furthermore, 

things like RAM and nodes and ntasks might be able to be optimized further. 

RCI must add the cryosparc user (uid=200248) to the Unix group for each lab/group 

using Tempest. Then, their Blackmore share must be mounted by RCI at 

/mnt/blackmore/<group_name>. However, CryoSPARC will be unable to access the files until it 

is fully restarted. To perform a full restart, one must first stop the cryosparc-supervisor.service 

and then log out of all instances with loginctl terminate-user cryosparc. Then, log back in, and 

the systemd service should automatically start. If there are issues getting access to the new 

group's folder, check that the cryoSPARC supervisor process is running as the correct groups by 

running ñgrep '^Groups' /proc/<csparc_procid>/statusò where <csparc_procid> is the process ID 

number of the running CryoSPARC process. This should return a list of integers that correspond 

to the group IDs the process is running with. Ensure the new group is present. Note that 

restarting CryoSPARC will kill all running jobs.  
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In both the cluster_info.json and cluster_script.sh files, environment variables can be 

used by double curly bracketing them: {{ variable }}. For instance, {{ time_hr_min_sec }} is set 

to a variable. These variables can be set to an instance-wide default by administrators, but 

individual users can then modify them at submission time if needed. To set instance wide 

defaults, log into cryoSPARC with an administrator account. One the left-hand side of the screen, 

select the key icon. 

 

 

Figure 7. Admin panel location in the CryoSPARC web user interface. 

In the top menu, navigate to ñCluster Configurationò. This is where custom cluster 

variables reside. Instance wide defaults can be set at the top. These will apply to all lanes on the 

instance. However, individual lane-wide defaults can be set below if desired. When users submit 

jobs, they can override these defaults on a per-job basis. This is helpful, for instance, if there is a 
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pending shutdown of Tempest and the job timer needs to be shortened to accommodate jobs in 

the meantime.  See "Submitting Jobs to Tempest" for more information on submitting jobs. 

 

 

Figure 8. Cluster configuration settings in the CryoSPARC web user interface. 

Specific lanes can be restricted to specific users. Administrators should ensure that new 

users have access restricted to only their group's Tempest resources.  This can be done by logging 

in with an administrator account, and navigating to the Admin page. In the top menu that opens, 

navigate to "Lane Restrictions". Select a user on the left. A new screen will open showing 

available and restricted lanes. Set these using the checkboxes and arrow icons accordingly. 

 

 

Figure 9. User lane access management in the CryoSPARC web user interface. Marking a lane as 

ñAvailableò to a user will let them submit jobs to that lane. The ñRestrictedò status will prevent 

the lane from being visible to that user.  

Users must be added by an administrator. To do this, log into CryoSPARC with an 

administrator account, and select the key icon on the left-hand side of the screen. In the top 
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menu, select "User Management". At the top right of the screen, select "Create New User". Enter 

the details. The email entered here must be the one that is used when the user finishes the 

registration process. Once done, a token will display. Email that token to the user, who can then 

create a user account with the provided email and token. 

Single Particle Protocols 

This section will detail current best practices for SPA data collection using SerialEM, or 

SmartScope.  

SerialEM 

Screening. Before starting anything, first ensure that the microscope is setup to operate 

properly, and that SerialEM is configured as necessary. This is important so that one does not 

overwrite anyone elseôs settings, and also because SerialEM is configured to run a script upon 

starting that will place the microscope in a reasonable starting state (Appendix). On Magaera, 

i.e., the Gatan computer, close any open SerialEM instances. Then, examine the X:\ drive for 

available space.  
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Figure 10. Storage space on Gatan K3 data collection computer. 

There should be at least 3 TB per data collection overnight. Next, check the autoloader to 

ensure no other samples are loaded.  If no other grids are loaded, ensure that the autoloader 

temperatures and vacuum are stable, and that the column valves are closed. 
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Figure 11. Auto-loader and temperature control panel. Note that temperatures will be displayed 

in red when above the recommended cryo-operation temperature. 

Dock a NanoCab containing the cassette with your sample grids. Mount the NanoCab in 

the Autloader brackets inside the TEM enclosure and press the green Dock/Undock button on the 

TEM digital display. 

Before working with the grids, they must be imaged into a grid map that contains a 

corresponding Cartesian coordinate system that SerialEM can work with to identify grid squares 

and grid holes. Open the Autloader tab on the Microscope PC. Run the grid inventory procedure 

for the cassette to allow the microscope to probe which cassette positions are occupied, and 

which are unoccupied. Optionally, you may enter a text description of each grid. To run the 
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inventory, select the flapout menu in the TEM UI (User Interface), and press the Inventory 

button. 

 

 

Figure 12. Auto-loader inventory mechanism, which will check the status of each slot in the 

microscope cassette.  

After inventory, each occupied cassette slot will turn blue, and each unoccupied cassette 

slot will remain gray. Start SerialEM via the "Zuul" shortcut on the Windows desktop on the 

Gatan computer (the computer with the large monitor). Select your account if you have one. If 

you do not have an account, please use the Guest account. SerialEM will ask you to set your 

working directory. This should be a top-level directory on the X:\ drive of your name, or lab's 

name. If you do not have one, please make one. 
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Figure 13. SerialEM current working directory dialog allows the user to select their base 

directory when using SerialEM.  

 Once set, the log will print out your current directory. In SerialEM, open the Navigator 

window, and then open the Imaging States window. If the Imaging States window does not 

automatically open with the Navigator window, go to the Navigator top menu, and select Open 

Imaging States. Select the Grid Map imaging state from the Imaging States menu by double left-

clicking it. Setup a new montage by selecting the Navigator top menu, followed by ñMontaging 

& Gridsò and finally ñSetup Full Montage. 
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Figure 14. SerialEM navigator menu full-montage selection. 

A new window will pop up asking for montage settings. Be sure to set Use Search 

parameters in Low Dose mode, and not select ñUse View parametersò Search parameters should 

be magnification of 46x, the lowest magnification that still shows a full field-of-view. This 

should normally never change. The montage area should be 5x7.  
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Figure 15. SerialEM full montage setting, depicting the proper number of pieces, and low-dose 

mode selection. 
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 SerialEM will then prompt the user to setup the montage file. At this time, the 

recommendation is to use the MRC file format for saving the montage file, as HDF file format 

occasionally causes a SerialEM crash when re-loading the file. The user may save the associated 

metadata if desired. Save the file to your folder on the X:\ drive. This will save your grid maps 

which you will likely re-use, so put it somewhere workable and give it a distinctive name. 
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Figure 16. SerialEM montage file-saving settings. MRC is recommended for grid atlas format.  

 Next, ensure that the apertures are set appropriately for low-magnification imaging. This 

means that the Condenser 2 aperture should be set to 150 Õm, and the Objective aperture should 
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be removed. This can be accomplished by using the Microscope PC to navigate to either the 

Autoloader or Tune tabs and changing the aperture settings.  

 

 

Figure 17. Talos Arctica aperture control panel depicting available aperture options.  

 Now, the grid maps can be recorded. For multiple samples, use the ñAtlas Gridsò script 

(Appendix). Navigate to the ñScriptò top menu and select ñRunò and ñAtlas Gridsò (Script 2). 

Two windows will pop up, the first window will ask which grid number to start with. The second 

window will ask which grid number to stop with. For instance, if autoloader slots 1-4 are 

occupied, the user would enter 1 and 4 respectively. The script will subsequently montage all the 

requested grids. This operation will take approximately 10 minutes per grid.  
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 Once grid atlases are created, to get an idea of what particles look like, one should record 

several images of holes in several grid squares of varying ice thickness and size. These images 

will provide the user with information about the quality of their ice and sample, and what 

approximate resolution can be expected to collect data out to in each grid square. To do this, first 

load a grid map. Check the recorded grid maps in the Navigator window for interesting areas, by 

double left-clicking on the navigator entry.  
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Figure 18. SerialEM navigator dialog window.  Double click to load the desired grid map. 

 Ensure that the respective grid is loaded. If screening directly after creating grid atlases, 

the last grid will still be loaded. Therefore, it is typically a good idea to start with the last grid. To 
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ensure that the correct grid is loaded, check the ñAutoloaderò tab on the Microscope PC. The 

loaded grid will have a yellow highlight next to its name. If the incorrect grid is loaded, one may 

load the correct one by left-clicking the grid number and selecting ñLoadò.  

 

 

Figure 19. Talos Arctica auto-loader loading dialog. Gray numbers represent empty cassette slots, 

blue numbers represent full cassette slots, and the presence of a green checkmark denotes that the 

cartridge in that location has been loaded onto the microscope stage at some point.   

Once the grid is loaded, be sure to disable the autoloader turbomolecular pump. This 

pump is useful when performing many sequential grid transfers, such as when recording grid 
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atlases, but vibrations from the pump will cause motion in the microscope stage that results in 

noticeable drift at high magnifications, resulting in reduced high-resolution features, and 

aberrations in the Fourier transform. To disable the autoloader turbomolecular pump, select the 

ñAutoloaderò tab on the Microscope PC, and select the top-most flap-out. Then, select ñTurbo 

Auto Offò.  

 

 

Figure 20. Talos Arctica auto-loader turbo molecular pump controls. Also note the yellow 

cassette slow (#3), denoting the active cartridge currently on the stage.  
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 At this point, the column valves can be opened, either via the Microscope PC or 

SerialEM PC. Once the column valves have been opened, the user is free to navigate to areas of 

interest on the map, by placing points on the grid square map. To place points, first put the 

SerialEM Navigator into ñAdd Pointsò mode, by selecting ñAdd Pointsò on the Navigator 

window.  
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Figure 21. SerialEM navigator dialog window demonstrating "add points" routine. 

 Once the Navigator is in ñAdd Pointsò mode, left clicking anywhere on the open grid 

map will place an X and Y coordinate in the navigator at that location. It is worth noting that 
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points added together, in the same ñAdd Pointsò session, will be treated as a group. To stop 

adding points, select ñDone Adding Pointsò in the Navigator window.  
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Figure 22. Low magnification image of an EM grid demonstrating added points location. Red 

crosses depict placed points, the yellow cross depicts the currently selected point in the 

navigator.  
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 Once points are added, the grid squares can be screened. Screening involves navigating to 

each square, recording and saving a eucentric height for each grid square, and imaging the 

contents of the holes. To navigate to a freshly placed point, select the point in the Navigator 

window, and press either of ñGo to XYò or ñGo to XYZò, as no Z height is yet record, the two 

buttons should be functionally identical. Once the stage has finished moving, insert the 50 Õm 

Condenser 2 aperture. Then, ensure that the microscope is in low-dose mode by selecting ñLow 

Dose Modeò in the ñLow Dose Control Panelò if it is not already selected. 
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Figure 23. SerialEM ñLow Dose Controlò panel toggle.  

  To ensure that the stage is centered over the square, and there are no square edges visible, 

record a View image by selecting ñViewò under the Camera & Script control menu. This will 

take an intermediate magnification image (~1200x or 1600x) of the grid square. 
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Figure 24. SerialEM "Camera & Script" control panel. 

 If the image looks good, that is, there is sufficient contrast and no grid square edges 

showing, then eucentric height should be recorded and saved for the square. To do this, select the 

top ñTasksò menu, then ñEucentricityò and finally ñRough Eucentricityò. This will use the 

ñViewò mode to take a series of images while tilting the stage to calculate the Z-height offset 

necessary to bring the square to eucentric height.  

 

 

Figure 25. SerialEM "Tasks" menu showing "Eucentricity" options. 

 The eucentricity routine will take some time to complete. Once it is done, be sure to 

update the coordinates with the proper Z position by selecting ñUpdate Zò on the entry in the 
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Navigator window. Proper eucentricity is required to enable proper focusing, which will be the 

next step. Typically, focusing is done on the carbon or gold support film between holes. The 

focusing area should be sufficiently far from the holes that it does not overlap with the hole when 

focusing, so that sample in the holes are not exposed to the electron beam twice. Additionally, 

there must be enough contrast in the area for the autofocus routine to work properly. To set the 

position of the focus area, take a new View image, as the image on your screen may have shifted 

due to the change in Z-height. Then, select ñDefine Position of Area > Focusò, and then left click 

on a suitable position on the View image in Buffer A. Select ñNoneò again, before continuing 

past this step. 
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Figure 26. SerialEM "Low Dose Control" panel showing options to define position of "Focus" 

area. 
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Figure 27. Medium magnification image demonstrating how to properly define the "Focus" area 

for data collection. The yellow box denotes the location of the focus position relative to the green 

box, which denotes the current ñRecordò position. The delta between the two positions will be 

preserved once set.  

 Once the focus position relative to the holes is set, the autofocus routine can be run. To 

set the target focus, select the ñFocus/Tuneò menu, and then ñSet Targetò. Defocus targets are 

entered in Õm. Once the defocus target is set to something reasonable, run the ñAutofocusò 

routine by selecting ñAutofocusò in the ñImage Alignment & Focusò control panel, or by using 

the keyboard shortcut Ctrl + G. SerialEM will shift the beam to the target area, and then record a 
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series of images with different beam tilts, and calculate the existing microscope focus, and the 

offset needed to reach the target defocus. It will then automatically apply that offset and shift the 

beam back to where it started. Once the autofocus routine is finished, a micrograph can be 

recorded by selecting ñRecordò in the ñCamera & Scriptò control panel. This will use the settings 

currently loaded into the ñRecordò low dose preset. Once the image is recorded, it can be saved 

by navigating to the ñFileò top menu and selecting ñSave to Otherò. Repeat this process as 

needed to screen all desired locations.  

Data Collection. This tutorial covers setting up an automated data collection for single 

particle analysis, using SerialEM. Follow from start to finish to collect data for single particle 

analysis.  

Before working with a grid to set up an automated data collection, one needs to have an 

accurate map of that grid. While there may exist a previously created grid map from the 

screening workflow, it is recommended to create a new map before setting up data collection, as 

when the grid is re-loaded onto the stage, it may rotate slightly, which will cause navigation 

coordinate inaccuracies. To create a new grid map, first ensure that low dose mode is active by 

checking the ñLow Dose Controlò panel. Additionally, on the Microscope PC under either the 

ñAutoloaderò or ñTuneò tab, ensure that the C2 Condenser Aperture is set to 150 Õm, and that the 

Objective aperture is removed. Also, ensure that the column valves are open. Then, in the top 

Navigator menu, select ñMontaging & Gridsò followed by ñSetup Full Montageò. Ensure that the 

montage and file settings match those in Figure 15. At this point, rather thana re-run the montage 

script, simply run single atlas of the current grid by navigating to the ñMontage Controlsò in the 

control panel. If it is not visible, collapse other control panels until it appears at the bottom.  
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Figure 28. SerialEM "Montage Controls" panel. 

You will collect the first gridmap shortly, but as you are doing that, you will also setup multishot 

imaging.  Multishot greatly speeds up automated data collections by centering and focusing 

around one central grid square hole, and then using beam-image-shift (BIS) instead of stage 

movement to collect the surrounding holes. Common multishot configurations are 3x3 or 5x5 

matrices, depending on the size of the grid holes and their spacing. To setup multishot, SerialEM 

needs to be made aware of both the regular hole spacing of the grid, as well as the rotation of the 

grid relative to the camera. Both pieces of information can be calculated automatically from a 

low-magnification image of a grid square. To begin, select the ñGrid Square Mapò imaging state, 

and ensure that the 50 Õm C2 Condenser aperture is inserted, and the Objective aperture is 

removed.  
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Figure 29. SerialEM "Imaging States" dialog window. 

This will load a low-magnification imaging state into the ñRecordò low dose preset. Navigate to 

a grid square. Once that is loaded, take a Record image of the grid square. The grid square should 

be mostly visible within the image frame, and the holes should be identifiable. If the image looks 

good, in the ñNavigatorò top menu, open the ñMontaging & Gridsò sub-menu, and select ñFind 

Holes in Regular Gridò.  
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Figure 30. SerialEM "Montaging & Grids" sub-menu. 

A new dialog window will appear that offers a variety of options for finding holes in a regular 

grid. If using holey carbon grids, typically all the options can be left at default, except for the 

spacing. The hole size should be set to the hole size of the grid. The periodicity should be equal 

to the sum of the hole size, and the spacing. For R 2/1 grids, hole size is 2, and periodicity is 3. 

For 1.2/1.3 grids, hole size is 1.2, and spacing is 2.5. In some cases, SerialEM may complain it 

cannot match the spacing when trying to detect holes. It may be worthwhile to measure the size 

of the holes on the grid in a View image, as they are not always accurate. Once the hole size and 

periodicity are entered, select ñFind Holesò.  
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Figure 31. SerialEM "Hole Finder" dialog window and settings. 

 SerialEMôs user interface will hang for a minute while it tries to identify the holes. Once the 

holes are identified, spend some time adjusting the sliders to select just the types of holes you 

would like to collect. These settings will carry over to further grids, so be sure to add some slight 

buffer space to the settings. When finished, select ñOKò and close the dialog. Then, re-open the 
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top ñNavigatorò menu, select the ñMontaging & Gridsò sub-menu again, and this time choose 

ñSet Multi-shot Parametersò 

 

 

Figure 32. Location of "Set-Multi-shot Parameters" dialog in the "Montaging & Grids" sub-

menu. 

This will open the ñMultiple Record Setupò dialog box. There are a number of options in this 

window that are of critical importance for data collection. First, ensure that ñDo Records in 

multiple holesò is selected, and not ñDo multiple Records in each holeò. This will configure 

SerialEM to collect a single image from each hole. Then, set the ñRegular pattern of holesò to the 

desired array. The maximum beam-image-shift that the Arctica is capable of collecting is ~7.5 
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Õm. For 1.2/1.3 grids, that corresponds to 5 by 5 pattern, but for 2/2 grids that corresponds to 

about 3x3 pattern. It may be desirable to omit the corners of a 3x3 when collecting for 2/2 grids. 

Once those options are configured, select ñUse Last Hole Vectorsò. SerialEM may prompt a 

warning ï it is safe to ignore it. This will pull in the array that was calculated from the grid 

square map/find holes sequence. Then, ensure that ñSave Record imageò is disabled ï instead, 

frames will be saved. Finally, set ñEarly Returns for K2/K3ò to ñEarly return, except for full sum 

on first shotò. Typically, SerialEM will take a dose fractionated image of something like 30-50 

frames for each hole. Then it will add the frames together, and display the average frame, before 

moving on to recording the next image. This slows down data collection, so selecting the ñEarly 

return, except for full sum on first shotò will instruct SerialEM to only calculate the average 

image for the first image of each multi-shot. This will speed up data collection, while still 

providing some feedback on the quality of the images as they are recorded.  
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Figure 33. SerialEM multi-shot parameters dialog window and settings. ñDo records in multiple 

holesò will enable the multi-shot function of the microscope.  

 Finally, there is an option to adjust beam tilt and objective astigmatism to compensate for 

the beam-image-shift data collection. When using the BIS data collection features, the image 
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shift introduces beam tilt, because the beam-tilt pivot point calibration is never truly perfect. That 

beam tilt introduces coma at the various image shift positions. SerialEM can be calibrated to 

adjust for that coma at each image shift position, at a specific magnification and spot size. While 

the beam-tilt induced coma can be problematic for high resolution analysis, these factors can 

typically be compensated for in software, using either RELION particle polishing, or 

CryoSPARCôs global CTF refinement, so collecting with this compensation enabled is not 

strictly necessary. However, if desired, the option is available during data collection. Typically, 

even with this compensation enabled, particle polishing/Global CTF refinement is needed 

regardless for highest resolution structures. The absolute resolution attainable does not seem to 

be impacted by whether the user chooses to enable this compensation or not.  

Once the multi-shot parameters are set, re-load the high-magnification Record imaging state you 

are intending to use. Then, with the multi-shot window still open, left click somewhere on the 

open grid square map image. The multi-shot settings should be displayed ï ensure that they 

match the hole configuration of the grid.  

 While SerialEM will have estimated stage coordinates for each identified hole in the grid 

square map images, the coordinates are not sufficiently accurate to move to the exact location of 

each hole. Therefore, before it records the multi-shot pattern, SerialEM will first take a View 

image, and center the hole using image shift. To do this, SerialEM must know what a hole should 

look like. This hole image can be generated directly in SerialEM. Take a View image, and center 

a carbon hole. This hole should be relatively clean of debris and uniform-looking.  
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Figure 34. Medium magnification micrograph demonstrating proper hole centering for multishot 

setup. The red cross displays the current center of the microscope stage.  

Then, crop out the surrounding area by holding down Ctrl + Shift and dragging the mouse to 

create a box around the desired hole. Once the box is drawn and suitable, in the top ñProcessò 

menu, select ñCrop Imageò. That will crop the image to the size of the drawn box.  
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Figure 35. Medium-magnification micrograph depicting a green boxed hole to crop for template 

generation. 

Then, open the ñNavigatorò top menu and select ñSetup Align/Realignò. This will open the 

ñNavigator Align Setupò dialog box. Give the template a name, and select ñMake Map from 

Image in Aò, and follow the prompts. The maximum alignment shift may require some empirical 

adjustments depending on the grid, to work properly. If so, the data collection can be paused and 

this value adjusted at any time.  
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Figure 36. SerialEM template alignment settings dialog window. 

 The next step is to select all the desired grid squares to be collected. First, ensure that low 

dose mode is enabled by selecting the ñLow Dose Modeò check box in the ñLow Dose Controlò 

panel. Then, load the ñGrid Square Mapò imaging state into the Record pre-set. Now, the new 

imaging state must be aligned to the grid atlas. There may be some X/Y translation when moving 

between the atlas magnification, and the grid square map magnification, that must be 

compensated for. In the grid atlas, find a grid square with an obvious feature, such as ice 

contamination, and place a marker on a spot you can see (green cross) by left clicking on it. Turn 

that marker into a point (orange cross) by selecting Add Marker in the Navigator window. 
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Figure 37. Grid square map magnification image. The yellow cross denotes the currently selected 

navigator point.  

Navigate to the new point by selecting ñGo To XYZò with the point selected, in the 

Navigator window. Take a Record image at that point. Place a marker (green cross) on that 

feature in the image by left clicking the feature.  
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Figure 38. Aligning the grid square magnification to the grid atlas coordinates. The green cross 

represents the userôs selection of the feature to align to, while the yellow cross represents where 

SerialEM believes the feature should be, based on the previously placed point.  

Shift the point (orange cross) to the marker (green cross) by going to the Navigator menu, and 

selecting ñShift to Markerò.  
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Figure 39. SerialEM "Shift to Marker" location in the "Navigator" menu. 

This lets SerialEM know that the spot on the atlas at 46x translates to the point (green 

cross) that was placed in the higher magnification image. Now when you click somewhere in the 

atlas, it should go to the correct spot on the grid. You can now safely delete the marker from the 

navigator, if desired. 

Once the grid square map imaging state is aligned properly with the grid atlas, the next 

step is to select the desired squares for data collection, record grid square maps of them, and find 

and group all the holes for multishot. This process can be automated. First, select the desired grid 

squares by Re-load the grid map in the Navigator window by double left-clicking it. In the 

Navigator, select Add Points and left click on the center of the desired grid squares. Once done 
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adding, mark added points for acquisition in the Navigator window by checking the ñCollapseò 

and the ñAcquire (A)ò boxes. Then, check the ñNew file at group check boxò, and click OK in 

the two following pop-up windows (the default settings are fine). Define a file name (e.g. 

grid_square_maps.mrc). If multiple groups are shown, the Navigator option ñAdd Pointsò was 

de-selected before point adding. In this case, set the ñAcquire (A)ò and ñNew file at groupò flags 

for each individual group. File names will be incremented automatically. 

Next, acquire the eucentric grid square maps. Open the Navigator top menu and select 

ñAcquire At Itemsò. A new window should open up. At the top left, select ñMappingò. Select 

ñPrimary Action: Acquire and save image or montageò option. Under Task-related options select 

"Relax stage after final movement". Under General options, select "Close column valves at end. 

In the column on the right, Tasks before or after Primary, select "Rough Eucentricity" and 

nothing else. Ensure that for ñGeneral controls for task: Rough Eucentricityò are set to determine 

eucentric height for every grid square. Ensure that the ñHole Finder & Combinerò is below 

ñPrimary Actionò and enabled. Select ñSetupò and ensure that the hole finder and combiner are 

properly setup. The hole finder will use the settings previously set. The combiner will combine 

them according to the specified multishot parameters.  
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Figure 40. SerialEM "Acquire at Items" dialog window, depicting settings for grid square maps 

and hole finding. 

Once everything is setup, select ñGoò. This will navigate to each requested X/Y position, 

determine and save eucentric height, and then take a low magnification image of each square. 
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Once the low-mag image is recorded, it will identify holes, and combine them into the multi-shot 

pattern, adding them as navigator points. This process can take several hours, depending on the 

number of grid squares selected.  

Once all the grid square maps are recorded, the next step is to configure the camera and 

exposure settings. The Gatan K3 camera is a complex instrument, and ideal settings can be 

difficult to ascertain. This section will provide some reasonable defaults, and ways to make 

required alterations. Typically, for SPA, the camera should be operated in counting mode, which 

will provide a higher detector quantum efficiency than operating in linear mode. In counting 

mode, the optimal dose rate is 15 electrons/pixel/second. To get as close as possible to that dose 

rate at any given magnification on a 2-condenser lens microscope, the spot size must be adjusted. 

Do not adjust C2 intensity, as that must be set to a specific value at each spot size to preserve 

parallel illumination. In general, it is better to have a dose rate below 15 electrons/pixel/second 

than above, to avoid coincidence loss. Therefore, if 15 cannot be achieved, aim for the closest, 

but lower value.  

First, decide which magnification to select. There are a number of tradeoffs involved at 

this step. In general, DQE increases as a function of spatial frequency, which means that 

individual particles recorded at higher magnification contain more signal. However, field-of-

view (FoV) decreases as a function of magnification, which means that fewer particles are 

available to be averaged together. While lower magnification will contain more particles, there is 

a threshold of spectral signal that must be met before signal is considered additive. In general, a 

pixel size between 0.5 ¡ and 1.5 ¡ is a reasonable target ï exactly which magnification will 

depend on the sample and desired resolution. The dose rate in pixels is defined by the detector 
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peak DQE. However, the dose rate in ¡2 will change depending on the magnification. In general, 

higher magnifications require lower spot sizes to reach the 15 electrons/pixel dose rate, which 

will translate to a higher dose rate in terms of electrons/¡2, which will translate to shorter 

exposure times, and also shorter frame times. Reasonable starting points have been provided. 

(Table 1). 

Table 1. Recommended starting configuration for SPA data collection, magnifications 8,500x-

92,000x. Spot size is the recommended spot size for each magnification to achieve optimal 

camera dose at parallel illumination. C2 illumination settings available in Appendix A. 

Mag 

(nominal) 

Pixel Size 

(Å) 

SR Pixel Size 

(Å) 
Spot Size 

Flux at 

Camera 

(e/p/s) 

Frame 

Time 

(s) 

Exposure 

Time (s) 

(~50 e/2) 

C2 (um) Notes 

8500 4.934 2.467 9 14.87 0.5 85 150 

170 

frames - 

use with 

caution! 

11000 3.840 1.920 9 9.9 0.5 85 150 

170 

frames - 

use with 

caution! 

13500 3.033 1.517 8 16.02 0.25 30 70 

120 

frames - 

use with 

caution! 

17500 2.397 1.199 7 18.62 0.25 15 70  

22000 1.852 0.926 7 11.24 0.25 15 50  

28000 1.454 0.727 6 13.37 0.1 10 50  

36000 1.104 0.552 5 13.69 0.1 6 50 
Typical 

SPA 

45000 0.9061 0.453 4 15.11 0.08 3 50 
Typical 

SPA 

57000 0.687 0.343 3 14.54 0.08 2 50 
Typical 

SPA 

73000 0.5637 0.282 2 14.76 0.08 1.5 50  

92000 0.4483 0.225 2 9.46 0.1 1.5 50  
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 One additional consideration with the camera is the resolution. The K3 camera provides a 

super resolution mode. This mode determines a more precise location for each electron by using 

neighboring pixels to triangulate the quadrant of the pixel where the primary electron impact 

occurred. This effectively quadruples the total area of the sensor. However, super resolution 

works better at lower magnifications. At magnifications finer than 1 ¡ pixel size, it is not 

generally recommended to use super resolution mode because of the larger file size and slower 

data collection.  

 To set the camera settings, it is recommended to first select the desired imaging 

magnification. Then, navigate to an empty area of the grid (i.e. a hole), and record an image to 

measure the dose.  
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Figure 41. Low magnification image of an EM grid depicting a grid square with a hole sufficient 

for dose calculation. 

The Record image should not contain any features, it should be entirely gray. To calculate 

the dosage, select the top ñTasksò menu, and select ñCalibrate Electron Doseò and follow the 

prompts.  
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Figure 42. Location of the "Calibrate Electron Dose" menu option in the "Tasks" menu. 

SerialEM will then report the total dose at the sample. When imaging, expect the dose on 

the camera to be slightly lower than the dose at the sample. To make fine adjustments, in the top 

menu, select ñCameraò and ñParametersò ï this will open the Camera settings menu. Ensure you 

have selected the ñRecordò settings, and then make sure that both ñSave Framesò and ñDose 

Fractionationò are enabled. Set the total exposure time to provide sufficient dose (~50 

electrons/¡2) on the sample and set the dose fractionation time so that each frame will have 

approximately 0.8 electrons/pixel. 
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Figure 43. Camera parameters for the "Record" setting for data collection in SerialEM. 

At this point, the file saving should be setup. There are multiple considerations when 

setting up the file options. First, it is recommended to disable gain normalization. Typically, 
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counting frame images contain 2-3 bits of information per pixel. This means that when applying 

compression, 5/8ths of each pixel is easily compressible. However, after gain normalization, the 

image is rescaled to use all 8 bits of information. This results in an image that is less easily 

compressed. Therefore, it is recommended to apply the gain normalization on-the-fly when 

writing out each motion corrected micrograph, not to each individual frame. Furthermore, the file 

format is an important consideration for large datasets. MRC does not support native 

compression, so it is instead recommended to save images as TIF stacks using LZW 

compression. Finally, consider binning. The K3 camera always records in super-resolution mode, 

but will bin the images by two when selecting the ñ1ò binning option. By default, SerialEM will 

handle the binning in real-space. This can result in aliasing of high resolution information into 

low resolution information, and is also slow. Therefore, it is recommended to select the ñBin 

counting frames by 2ò option, which will bin the frames directly in hardware by first cropping 

them in Fourier space, which also will mitigate aliasing effects. Finally, set the file name options.  
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Figure 44. Recommended file-saving options for data collection. 

It is recommended to include the ñMultiple Record hole number and position in holeò in 

the file name, so that SerialEM will append each frame with its X/Y coordinate in the multi-shot 
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pattern. This will allow later separation and refinement of global CTF parameters/particle 

polishing by grouping all exposures at each specific multishot position. Below is a table of the 

exposure group X/Y coordinate positions. (Table) 

Table 2. SerialEM X/Y coordinate nomenclature. This nomenclature is appended to the end of 

the file name when saving multishot positions in the file name.  

X-2, Y+2 X-1, Y+2 X+0, Y+2 X+1, Y+2 X+2, Y+2 

X-2, Y+1 X-1, Y+1 X+0, Y+1 X+1, Y+1 X+2, Y+1 

X-2, Y+0 X-1, Y+0 X+0, Y+0 X+1, Y+0 X+2, Y+0 

X-2, Y-1 X-1, Y-1 X+0, Y-1 X+1, Y-1 X+2, Y-1 

X-2, Y+2 X-1, Y-2 X+0, Y-2 X+1, Y-2 X+2, Y-2 

 

 

First, take a View image and ensure that the Focus position is properly set. Then open the 

top ñNavigatorò menu and select ñAcquire at Itemsò. Ensure that ñFinal Dataò mode is selected, 

not ñMappingò. The ñPrimary Actionò should be ñAcquire multiple Recordsò, and ñPrimary 

Action-relatedò should indicate ñNO SAVINGò. This is because the frames will be saved instead 

of the summed micrographs. This is also a good time to make sure your Camera Parameters for 

Record do NOT have the "Align Frames" option checked.  

The exact sequence of events prior to the ñPrimary Actionò is important. First, check 

vacuum management, then hole should be auto-centered. Once auto-centered, the beam should 

be auto-centered on the carbon. Then, focus should be done, and finally, the multiple record. 

Doing this out of order can result in runaway focus or missed images. Once those options are 

configured, ensure that defocus is set to cycle properly.  
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Figure 45. SerialEM "Acquire at Items" dialog box showing the proper settings for final, high-

throughput data collection. 

To run the acquisition, select ñGoò. It is a good idea to monitor several things at the 

beginning of the data collection. Check that it is aligning to the template properly. Watch a few 

align to templates, and make sure it's not creeping back to the best match instead of finding the 

proper hole closest to the navigator point. Make sure the autofocusing is actually working and 

the targets are right. Make sure the multiple record is finding the center of each hole as it goes, 

instead of clipping edges. Make sure files are being saved properly, where you set to save them. 

If there are issues with any of these things, you can stop the navigation acquire and fix them, and 

restart it. 

SmartScope 

Before running SmartScope, SerialEM requires a couple of small configuration changes. 

To begin, close any open instances of SerialEM and open the ñSmartScopeò preset in Zuul (53). 
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Set the ñWorking Directoryò to ñX:\SmartScopeò. Select the desired magnification from the 

listed magnifications in the ñImaging Statesò window and load it into the Record low dose 

setting. Open the ñCameraò top menu and select ñParametersò. Copy the exposure time and 

frame time from the ñRecordò setting to the ñPreviewò setting. This is necessary because 

SmartScope uses the ñPreviewò setting for acquiring high magnification images, due to 

SerialEM limitations. No file saving settings need to be configured ï SmartScope will handle 

those automatically.  Finally, in the ñLow Dose Controlò panel, press the + box to show 

advanced options. Load the ñRecordò area settings and copy them to ñFò. This will place the 

Record settings into Focus, which will speed up data collection by minimizing the magnification 

changes.  

Screening. To begin screening, login to the SmartScope interface, and select ñRun 

Smartscopeò from the top menu. Give the session a unique name, although beware of length, if 

the name is too long it may crash. Select the necessary group and user, as well as the microscope, 

and camera.  

 Atlas magnification in SmartScope is 62x, as opposed to the normal 48x. Typically, a 5x8 

atlas will work well. Set ñSquares numò to the number of squares to be screened. Set ñHoles per 

squareò to the number of multishot groups to record on each screened square. Set ñBis max 

distanceò (Beam Image Shift max distance) to 7.5 (Õm) for 5x5 on 1.2/1.3 grids, or to a lower 

number for smaller multishot groupings. Set ñMin bis group sizeò to the minimum number of 

holes that SmartScope should require the group to have to be considered worth collecting. This 

can save time when doing large collections. Enable ñAFISò (Aberration-Free Image Shift) to use 

SerialEMôs ñImage shift vs comaò calibration, if desired. Note that this will require the 
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calibration to be done in SerialEM. Set the ñTarget defocus min/maxò to the minimum and 

maximum desired defocus, and the step size to the desired step. ñDrift critò and ñTilt angleò 

should be left at default, unless a tilt is desired. Leave ñSave framesò as enabled and ignore 

ñForce process from averageò. If particle location inside the holes is unknown, consider enabling 

ñOffset targetingò, and setting the ñOffset distanceò to -1. This will cause SmartScope to add 

incremental shifts of 0.1 Õm - 0.5 Õm to the high-mag images, in the event that particles prefer 

thicker ice or the carbon hole edge. Ignore ñZeroloss delayò, set ñHardware Dark Delayò to 

something like 4 or 6 ï this is the hours between new dark references. Ignore ñColdFEG Flash 

Delayò and ñMultishot per holeò.  

 

 

Figure 46. SmartScope recommended screening configuration. 

Once setup, enter the grid information. Grids should be given unique names, and their 

parameters such as their location in the autoloader, grid type, spacing, and material, should be 

entered accurately.  SmartScope has a number of protocols that are available to be selected for 

each grid. There are two major differences: SPA protocols work similarly to SerialEM and need a 
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template supplied for hole centering. They also support collection with stage tilt. The Ptolemy 

protocols use the Ptolemy image recognition library that has been trained on cryo-EM data to 

center holes. The ñpreciseò variant of each uses intermediate magnification for rough eucentric 

estimations, while the non-precise variants use the faster, but less accurate low magnification for 

eucentric height estimations. If the user selects ñautoò, SmartScope will use Ptolemy non-precise 

for screening, and Ptolemy precise for data collection mode. Auto is therefore the recommended 

protocol selection. Once the grids are setup, select ñSubmitò.  

 

 

Figure 47. SmartScope grid and autoloader options. 

Upon clicking ñSubmitò the user will be redirected to the ñSession Controlsò page. 

Selecting ñStartò will begin the session. In SerialEM, the status should display ñExternal 

Controlò. SmartScope will montage the grid, select grid squares to image, record high 

magnification images, and move on to the next grid to repeat the process with no user input 

required. Along the way, SmartScope collects a wealth of data, annotating cracked or small or 

contaminated grids, as well as estimating CTF fits and ice thickness.  
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Figure 48. SmartScope annotated grid atlas depicting collected grid squares in green, good grid 

squares in blue, and cracked grid squares in purple. 

In the atlas, users can select squares that have been imaged, indicated by their green 

border. Once the grid square is selected, SmartScope will display the square and all the identified 

and imaged holes.  Blue indicates available holes to be imaged, while green indicates holes that 

have been imaged and had pre-processing completed.  
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Figure 49. SmartScope annotated grid-square map depicting collected holes in green, and 

identified holes in blue. 

Users can select additional holes or squares to image by left clicking, and then under the 

ñActionsò menu, selecting ñAdd to queueò. Left clicking a green hole will show the high 

magnification image.  
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Figure 50. SmartScope user interface overview, depicting annotated grid atlas, annotated grid 

square map, annotated medium magnification image, and associated high-magnification records 

and CTF estimations. 

Data Collection. Extended data collection in SmartScope is very similar to screening, 

with just a few important differences. Once SmartScope finishes screening a grid, it will set that 

grid status to ñCompletedò. The grid must be restarted by selecting ñrestartò on the grid page.  
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Figure 51. SmartScope grid restart protocol. 

Once the grid is restarted, select grid squares in the atlas and add them to the queue. It is not 

recommended to add holes to squares that have already been partly imaged, as the coordinates 

may mismatch when the grid is re-loaded. Instead, it is recommended to add entirely new 

squares. Then, edit the grid details. Ignore the ñSquares numò parameter but set ñHoles per 

squareò to 0. That will enable data collection mode for SmartScope, and collect all reasonable 

holes in the square. If no offset targeting is desired, be sure to uncheck the box. If a static offset 

target is desired, leave the box checked, but set the offset target distance to the desired number. 

Select ñSaveò when finished. 

 

 

Figure 52. SmartScope settings to enable data collection mode. 

 Once properly configured, it is recommended to disable the built-in preprocessing, as this 

will generate quite a bit of redundant data. Finally, go to ñSession Controlsò and start the session. 

The grid will be re-loaded if it is not already on the stage, and SmartScope will begin collecting 

all the grid square maps, identifying holes, and recording high magnification images. In data 
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collection mode, SmartScope first collects all the grid square maps before beginning high mag 

imaging. Data collection statistics and rates can be viewed by clicking on the ñShow statsò 

button for the grid:  
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Figure 53. SmartScope collection statistics displaying both CTF estimations and ice thickness 

estimations from CTFFind 5, total (blue) and over the last 100 micrographs (red). 
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 By default, SmartScope will save movies to ñX:\SmartScope\moviesò, and are arranged 

in directories by session, and grid name. It is still recommended to move the movies via Globus, 

similar to SerialEM SPA data collection.  

Tomography Protocols 

This section will detail current best practices for recording tomograms with SerialEMôs 

built in batch tilt-series functionality, or the more advanced PACETomo that features multi-shot 

tilt-series collection. To collect just a single tomogram, it is recommended to skip the ñSelecting 

Targetsò section and jump straight to ñRecording Tilt-Seriesò.  

SerialEM Batch Mode 

 Selecting Targets. The first step for selecting a large number of targets for tilt-series 

collection is to create an intermediate (View mode) magnification map. This can be done easily 

by drawing a polygon on the grid atlas, around the area of interest. To do this, open a grid atlas 

and select ñAdd Polygonò in the Navigator window. 
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Figure 54. SerialEM "Navigator" dialog box depicting the protocol for creating a medium-

magnification polygon montage. 

Then, draw the polygon onto the grid atlas area that is to be montaged. This can be done 

by clicking the left mouse button to draw line segments.  
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Figure 55. A grid atlas depicting the boundaries for a desired polygon montage in green. 

Once the polygons are drawn, setup a new polygon montage by selecting the top 

ñNavigationò menu, then ñMontaging & Gridsò, then ñSetup Polygon Montageò. Select ñUse 

View parameters in Low Dose modeò and SerialEM should automatically calculate the polygon 

size. When done, select ñOKò and follow the prompts to save the polygon atlas file. Then, start 

the polygon atlas via the ñMontage Controlò panel in the lower left corner of the screen. Some 

other control panels may need to be collapsed for this to become visible.  



101 

 

   

 

 

Figure 56. SerialEM "Montage Settings" dialog window depicting proper settings for a medium-

magnification polygon montage for tomography. 

Once the polygon atlas is created, load the atlas by double left clicking it in the Navigator 

window. First, load the desired magnification imaging state, and calibrate the dose over an empty 

area. Then, in the ñRecordò camera parameters, set the exposure to something small, such as 2-3 

electrons/¡2.  
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 Load the desired magnification imaging state, and calibrate the dose over an 

empty area. Then, in the ñRecordò camera parameters, set the exposure to something small, such 

as 2-3 electrons/¡2. In the Navigator window, select ñAdd Pointsò and place points over all the 

desired collection locations. Collapse the group, set its status to ñAcquire (A)ò, and select ñTilt 

seriesò. Follow the prompts to generate a new file. If the file name ends with a number, SerialEM 

will automatically increment the number for each new item. Once the files are setup, SerialEM 

will open the tilt-series setup page. First, set the desired tilt angle limits, and the base increment.  

It is recommended to leave the collection scheme as ñdose-symmetricò unless there is a good 

reason to use a different scheme. Then, check the bottom left under ñBeam Intensity or Exposure 

Controlò. Enable variable exposure time if desired, or leave disabled. Examine the total dose. If 

the total dose is too high, reduce either the number of tilts, or the ñRecordò exposure time. If it is 

too low, increase the number of tilts or ñRecordò exposure time. Under ñAutofocus Controlò, 

ensure that the ñDefocus targetò is reasonable. Set the ñRepeat autofocus if focus differs from 

prediction byò to a tolerable range ï something like 0.5 Õm. Do the same for ñCheck autofocus, 

stop if measured < X actual defocusò. Importantly, ensure that ñStop if autofocus change exceeds 

n umò, as this will prevent scenarios where runaway defocus occurs. It may be desirable to 

enable ñRefine eucentricityò. This will use the camera settings in ñTrialò mode and the autofocus 

position to refine the eucentric height at high magnification. This is typically required for high-

magnification tomography, as any small inaccuracy in eucentric height will cause the image to 

translate outside of the detector area at high tilt. Finally, it is recommended to set ñRepeat Record 

if percentage of field lost is more thanò at something reasonable, such as 15%.  
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Figure 57. SerialEM "Tilt Series Setup" dialog window depicting recommended starting 

configuration for dose-symmetric tilt-series acquisition. 

By default, the settings for the first tilt-series will be inherited to each subsequent tilt-

series. If special changes are required, such as target defocus, select ñTS Paramsò on the 

ñNavigatorò entry to edit it. Next, the focus parameters must be configured. Focus is an 

important consideration when collecting tilt-series, because the tilt axis is nearly perfectly 

vertical, which means that at any given tilt angle, the left and right sides of the image are 
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different focal distances. That means only the very center of the image should be considered for 

focus estimations. SerialEM can crop out the sides of the image when in Focus mode, 

automatically. Select the ñCameraò top menu, and then ñParametersò. Navigate to the ñFocusò 

tab and ensure that ñDose Fractionation modeò is disabled. Once disabled, the ñArea sizeò 

section should become available. Select ñWide Halfò to reduce the size of the detector area to 

half the height, but running the length of the X axis. Then, select ñSwap X & Yò to rotate the 

detector area 90Á. Finally, select ñRecenterò to center the X and Y coordinates of the detector 

area. This will limit the ñFocusò camera mode to only a strip of the detector running roughly 

parallel to the tilt axis.  
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Figure 58. SerialEM "Camera Parameters" dialog window depicting recommended settings for 

high-magnification tilt-series acquisition. 

Once camera focus parameters are set, it is time to set the focus position. Focus position 

when recording tilt-series requires special consideration, especially when in batch mode. The 

focus position should always be along the tilt-axis. However, since the location of the feature in 

each hole may change, the default focus position often times winds up in an area that is not 

appropriate for the sustained dosage when recording a tilt-series. To work around this, set the 

focus position manually for each point, un-collapse the group and select a single point, and click 
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ñFocus Posò. The focus position for that item should now be displayed. Ensure that it is in an 

appropriate area, before selecting the next point and doing the same. Iterate until all focus areas 

are properly set. SerialEM will display a ñPò in the ñAcqò column of the Navigator window if a 

custom focus position is set.  

 

 

Figure 59. SerialEM "Navigator" dialog window depicting items marked for tilt-series 

acquisition. Note the "TSP" options under "Acq. Note". This indicates that the positions will be 

recorded as tilt-series, with a special focus position defined. 

Recording Tilt-Series. Once configured, open the ñNavigatorò top menu. Select ñAcquire 

at Itemsò and choose ñFinal Dataò mode. Set the ñPrimary Actionò to ñacquire and save image or 

montageò and ensure that ñMake Navigator mapò is disabled. Set the defocus cycle as desired, 

and then set the tasks before primary to first ñRealign to Itemò for every item, and then 

autocenter beam. This will move the microscope to the stage location and realign to the image in 
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the polygon montage. Then it will autocenter the beam in the focus area and begin the tilt-series, 

saving it to the specified file.  

 

 

Figure 60. SerialEM "Acquire at Items" dialog window depicting the "Final Data" recommended 

settings for tilt-series acquisition. 

PACETomo 

PACETomo is a series of Python scripts for SerialEM that can collect multiple tilt-series 

simultaneously with multi-shot, similar to that used for single particle data collection. In addition 
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to multi-shot features, PACETomo also has various algorithms to compensate for things such as 

stage drift, stage pre-tilt, and Z-axis offset.  

 Selecting Targets. PACETomo has two ways to record data. One is by using a regular 

array of holes. The other is to manually place nearby points for collection. Starting with a View 

image, or polygon map as detailed in the ñSerialEM Batch Modeò chapter, navigate to the 

ñScriptsò top menu, select ñRunò, and run ñPACETomo: Enableò. This will enable the Python 

scripting interface for PACETomo. Then, in the ñImage Alignment & Focusò control panel, 

expand the options and ensure that ñMove stage for big mouse shiftsò is unchecked. Back in the 

scripts menu, run the ñPACETomo: Select Targetsò script. The script will prompt you to choose a 

directory, and then will ask you to provide a rootname for the points it will place. It will then ask 

you to center your target by dragging the image, and pressing the ñbò key when finished. Once 

centered, it will ask you if you want to take a preview image at the point. Select ñYesò and it will 

take a preview. You may then refine the position at high magnification if desired. Alternately, you 

can just accept the position. PACETomo will then add the point, and show the total area exposed 

to the beam in a yellow circle. 
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Figure 61. A medium-magnification image of the selected target for PACETomo acquisition 

(blue box) as well as the total exposed area (yellow oval). The exposed area is larger than the 

acquisition area due to the beam size and shape, as well as stage tilt. 

 PACETomo will then ask you to place more points. Iterate until done. When done, simply 

press ñbò and select ñNoò for a preview image. It will then ask if you want to keep looking for a 

target. Select ñNoò. At this point, the main PACETomo interface will open. This tutorial will not 

cover all of the features for PACETomo, but there are a number of options including setting 

specific targets for tracking, or the order in which to collect, that can be customized here. 

Alternately, more targets can also be added from this window. Once satisfied, simply select 

ñSaveò and then close the window.  
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Figure 62. PACETomo "Targets" dialog window. 

 In the navigator, there will now be two entries for each target added ï one entry ending in 

ñ.txtò and the other entry ending in ñ.mrcò. Select the top, ñ.txtò entry by left clicking.  
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Figure 63. SerialEM "Navigator" dialog window depicting proper PACETomo targets selection. 

PACETomo can also be configured for collection of a regular array of holes, such as 3x3 

or 5x5 multi-shot, and target selection can be automated. To do this, first take a Record image 

using the ñGrid Square Mapò imaging state. Use the ñFind Holesò routine on the image to find 

the holes. Then, open the ñScriptsò menu, and select ñEdit/Run One Lineéò. Enter 

ñReportLastHoleVectors 0ò and run it. This will print out four hole vectors in the log. Enter those 

vectors in the ñSelect Targetsò script, under ñ#Advanced Settingsò for ñvecAò and ñvecBò. 

Above that, set ñtargetPatternò to True, and ñalignToPò to true. Set ñsizeò to 1 if using 3x3, and 

ñ2ò if using 5x5. Then, take a View image of a hole. Using Ctrl + Shift, draw a box around a 

hole, and then open the top ñProcessò menu. Select ñCrop Imageò and crop the image to contain 

just the hole and some surrounding support. Go to the òBuffer Controlsò control panel, and select 

ñCopy active image to bufferò and copy the active image to buffer P.  
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Now, open the grid atlas. Place one point on the center of each desired square on which to 

center and collect a multishot pattern, and set them to acquire. Now, run the ñSelect Targetsò 

script and follow the prompts. Once the main target selection window opens, select ñCopy to 

Acquireò to set all the navigator points marked ñAcquire (A)ò to inherit that same pattern.  

Recording Parallel Tilt-Series. Once targets are setup, edit the ñPACE: Collect Tilt Series script.ò 

Ensure that the parameters make sense for your collection. The most important setting is 

ñtgtPatternò. Set this to false for positions placed by hand, or true to collect a regular array of 

holes. When satisfied, run the script and it will collect the targets as set up.  
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CHAPTER THREE 

THE MECHANISM OF IRON NUCLEATION AND GROWTH 

IN A MINI-FERRITIN 

Introduction 

Iron is a necessary element for life and plays a key role in a variety of metabolic 

processes across all known life forms. However, free iron, in its ferrous form (Fe(II)) is 

susceptible to oxidation via hydrogen peroxide, which results in generation of the hydroxyl 

radical (OHĿ), a highly toxic chemical and threat to cellular life (38). Therefore, careful 

regulation of free Fe(II) inside cells is necessary to prevent free-radical damage (37, 38).  

Ferritin family proteins, nearly ubiquitous throughout the tree of life, have evolved 

specifically to address this problem (57). Ferritins oxidize Fe(II) to Fe(III) and store it within the 

ferritin nanocage as hydrated ferric oxide. The ferritin family is frequently recognized to consist 

of three major classes; i) ferritin, ii) bacaterioferritin and iii) DPS (DNA Protection in Starved 

cells) (49, 57-60). The eponymously named ferritin is a hollow nanocage 10-12 nm in diameter, 

composed of 24 subunits that assemble with octahedral (432) symmetry.  The subunit is a 4-helix 

bundle that coordinates a bi-nuclear iron center.  The iron binding sites are coordinated by 

glutamate and histidine residues that are buried in the middle of the helical bundle, and serves as 

the site of ferroxidase activity (41, 42, 45, 46, 48, 60).  Like ferritin, bacterioferritin shares the 24 

subunit assembly and the ferroxidase center (FOC), but incorporates a heme group at each two-

fold symmetry axis.  DPS also shares the 4-helix bundle fold, but in contrast, this ñmini-ferritinò 

instead forms a smaller, dodecameric 9 nm nanocage with tetrahedral (23) symmetry. Further, 
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rather than a ferroxidase site sequestered within the 4-helix bundle, the FOC is instead found on 

the inside of the shell at the 2-fold subunit interface.  

Ferritin, bacterioferritin and DPS are each capable of oxidizing Fe(II) to Fe(III) via 

coupled reduction of O2 to H2O2, or H2O2 to H2O.  However, ferritin and bacterioferritin (maxi-

ferritins prefer O2, while DPS generally prefers H2O2. The oxidized iron product, Fe
3+OOH, is 

extremely insoluble. While typical iron concentrations are on the order of 10-4 M, Fe(III) is 

insoluble at concentrations above 10-18 M (49). Ferritins once again contribute a solution to this 

problem. In addition to safe oxidation of Fe(II) to Fe(III), they are also capable of storing the 

mineral form of Fe3+OOH inside of their main cavity (58, 61). While the exact composition of 

the mineral varies, it is typically thought to be some form of ferrihydrite (61). The larger ferritins 

can store between 2500-5000 iron atoms in total, while the mini-ferritins range between 250-500 

iron atoms. 

An additional member of the ferritin family, overlooked at times, is DPSL. First 

identified in hyperthermophilic archaea, DPSL forms a 12-subunit (dodecameric) nanocage that 

preferentially utilizes H2O2 as a substrate(45, 46, 62, 63).  For these reasons, DPSL was first 

perceived as a DPS-Like mini-ferritin. However, structural studies soon revealed a surprise; 

DPSL lacks the DPS ferroxidase site and instead retains a bacterioferritin-like ferroxidase center 

in the middle of the 4-helix bundle (46). For these reasons, DPSL is proposed to lie at the 

evolutionary interface between the mini- and maxi-ferritins (46, 47, 57, 64). Importantly, DPSL 

further differentiates itself from both the (bacterio)ferritins and DPS by the presence of two 

strictly conserved cysteine residues that are juxtaposed between the ferroxidase center and the 

surface of the particle.  Together, the conserved cysteine and the bacterioferritin-like ferrioxidase 
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center serve as hallmarks of the archaeal DPSL proteins that are easily identified in the primary 

sequence as the thioferritin motif, and differentiate DPSL as a distinct member of the ferritin 

superfamily (47).  ñDPS-Likeò is thus a misnomer for this member of the ferritin superfamily, 

and for that reason we henceforth refer to Pyrococcus furiosus DPSL as a ñthioferritinò (Tftn) to 

better differentiate it from DPS proteins.  While the cysteine residues in the thioferritin motif are 

potentially redox active, whether they play a role in catalysis, or gating access to the ferroxidase 

site is not yet understood.  Finally, in addition to archaea, thioferritins also participate in the 

oxidative stress response in anerobic bacteria like Bacteroides fragilis, the most commonly 

isolated bacteria from anaerobic infections (47).  Thioferritins are thus of significant clinical 

interest as well (46, 47).   

Crystallographic studies have provided a wealth of structural information on the apo 

forms of (bacterio)ferritin and DPS. However, crystallographic studies of mineralized ferritins 

have proven more challenging, and there are few available structures of ferritin family proteins 

with mineralized cores.  Thus, the detailed molecular interactions that result in biomineral 

nucleation and growth are currently unclear (44, 51). We hypothesized such structures might be 

significantly more amenable to cryo-EM.  Indeed, here we report not only the high-resolution 

(1.86 ¡) apo structure of thioferritin from Pyrococcus furiosis (Pf-Tftn), but the structure of an 

early mineralization intermediate, and a fully mineralized form as well.  These structures provide 

unique insight into the mechanisms of ferritin iron mineralization and storage across three 

distinct stages of the biomineralization process; i) mineral free, ii) initial nucleation and early 

deposition of iron oxide, and iii) the transition to the fully mineralized form.  We also report a 

fluorescence lifetime assay that reports on nucleation and initial iron deposition. 
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Results 

Previous work has demonstrated that the Tftn from both Saccharolobus solfataricus (Ss-

Tftn) and Pyrococcus furiosus (Pf-Tftn) will mineralize Fe(II) using either H2O2 or O2, though 

peroxide is preferred (45, 62).  Prompted by our earlier crystallographic work with Ss-Tftn (46), 

we first screened apo-Ss-Tftn for cryo-EM studies. However, initial single particle work gave 

maps with only modest resolution.  For this reason, we turned instead to Pf-Tftn, for which there 

was no structural information. 

Structure of apo Pf-Tftn at 1.86 ¡ resolution 

The Pf-Tftn structure was determined at 1.86 ¡ resolution by single particle analysis 

using our in-house 200 kV Talos Arctica and Gatan K3 camera.  Details on the structure 

determination and workflow are presented in the Methods and Appendix B - Figure 73, and 

representative density is shown in Figure 64, panel A.   
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Figure 64 A) Stereo image of representative electron density and model. B) Cartoon 

representation of DPSL model. C) Single four-helix-bundle of DPSL with labeled helices. Black 
























































































































































